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This study mainly focuses on phosphate cathode materials for high power 
lithium-ion batteries (LIBs), especially for large-scale applications such as electric 
vehicles (EVs). Phosphate materials of olivine (LiFePO4) and of tavorite (LiVPO4F) 
crystal structures were selected because of their unique lattice stability and safety 
features. Olivine LiFePO4 (3.4 V vs. Li
+
/Li) has already been regarded as the most 
promising candidate for EVs. However, these phosphate materials lack high power 
capabilities due to intrinsically low electronic and ionic conductivities. To overcome the 
problems of poor electronic and ionic transport, electronic structure and fabrication 
methodology were tailored with cation doping/substitution, conductive carbon coating 
and nanostructuring. Furthermore, to develop the next generation high voltage LIBs 
with higher power output, nanostructured 4 V LiFexMn1-xPO4 and LiVPO4F composites 
were also developed using similar technologies. Crystal structure, chemical 
composition, micro-morphology, electrical and electronic conductivities of these 
synthesized materials were carefully characterized and analyzed. Electrochemical 
properties, including specific capacity, charge/discharge rate capability, cyclic 
performance and Li
+
 chemical diffusion coefficients, were studied to evaluate the 
battery performances. The materials developed in this study exhibited amazingly high 
power performance, fast charge capability and excellent long-term cyclic stability, and 
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1 Introduction and Literature Review 
Global warming, environmental pollution and energy crisis evoke the use of 
renewable energies such as wind, solar, tide and nuclear. To wean modern society from 
dependence of fossil fuels, energy conversion and storage devices of high power and 
energy density are strongly desired. Rechargeable lithium ion batteries (LIBs) are 
regarded as the most advanced energy storage devices so far because of their higher 
operation voltage, higher energy density, lower self-discharge and no memory effects 
when compared to other battery systems. LIBs were first commercialized in early 1990s 
[1], and have been ubiquitously used in portable electronic devices such as notebook 
PCs, mobile phones, tablets and digital cameras. However, it is a big challenge to satisfy 
the power and energy needs of the emerging market of electric tools, bicycles, 
motorcycles and cars. Herein, this research work aims to develop and engineer 
phosphate cathode materials with high performance adequate for the next generation of 
large-scale applications such as hybrid/electric vehicles (HEVs/EVs). Structural, 
electrical and electrochemical properties of these phosphate cathode materials will be 
studied in detail.  
This chapter firstly introduces basic concepts of LIBs and then describes the 
research background of electrode materials. Then, common electrode materials will be 
reviewed and compared for the purpose of large-scale applications. Finally, the research 




1.1 Lithium-ion battery 
 
Fig. 1.1 A schematic of rechargeable lithium-ion battery 
 
A cell or battery is an electrochemical device that converts chemical energy into 
electrical energy and vice versa. A battery comprises of at least an anode, a cathode, 
electrolyte and sometimes a separator. Fig. 1.1 shows a schematic of a typical 
Li1-xCoO2/LixC6 full-cell, the most widely used LIB system in portable electronic 
devices nowadays. In a lithium-ion battery, the cathode is the positive electrode and the 
source of Li
+
 ions, while the anode is the negative electrode and the sink of Li
+
 ions. The 
electrolyte is an electronically insulating organic solution of lithium salts, for example 
LiPF6. The electrolyte provides Li
+ 


























blocks internal electronic transport. The separator, normally a porous membrane made 
of polymer or glass fiber, allows circulation of electrolyte but prevents direct electronic 
contact between cathode and anode.  
In a lithium-ion battery, electrochemical reactions take place at both electrodes 
accompanied with Li
+
 insertion and extraction of the lattices of the active materials. In 
the case of Li1-xCoO2/LixC6 full-cell, the electrode reactions during charge and discharge 
can be expressed as: 
Charge: Anode: C6 + xLi
+ 
+ xe













+ Li1-xCoO2  LiCoO2 
During the charge process, Li
+
 ions are extracted from the Li1-xCoO2 lattice with 
oxidation of cobalt from Co
3+




 ions diffuse 
through the electrolyte to the anode and are then stored in the aromatic hexagonal rings 
of graphite. Electrical energy therefore is converted to chemical energy and is stored in 
the crystal lattices. During the discharge process, driven by the potential difference 
between the delithiated Li1-xCoO2 and lithiated LixC6, electrons flow from anode to 
cathode through external circuit. Co
4+





 ions are inserted into the Li1-xCoO2 lattice. The stored chemical energy is 
converted into electrical energy in the external circuit. Generally, the overall voltage of a 
lithium-ion battery is determined by the difference between the chemical potentials of 
the electrode reactions [2], while the capacity equals the total charges of Li
+
 ions that 




involve both electrons and Li
+ 
ions, electronic and Li
+
 ionic transports in the electrode 
and in the lattices of electrode materials are crucial to the electrochemical properties of 
LIBs. 
1.2 Challenges of large-scale applications 
As stated above, the performances of a lithium-ion battery rely greatly on the Li
+
 
extraction/insertion properties of the electrode materials. Indeed, the evolution of LIBs 
is also a history of exploration and development of electrode materials. Various 
materials have been proposed as electrode materials for LIBs for four decades. 
However, the conventional Li1-xCoO2/LixC6 system cannot meet the requirements of 
EV/HEVs and other large-scale applications due to poor safety features, limited 
availability and intrinsic toxicity of cobalt. 
The principal challenges facing LIBs for large-scale applications are safety, cost, 
operation voltage, capacity, rate of charge-discharge and durability. Firstly and most 
importantly, LIB cells should have strict safety features. The battery pack for 
large-scale applications may be comprised of thousands of single cells, resulting severe 
challenges of heat dissipation and current/voltage disorder. Furthermore, the battery 
pack may encounter high-speed impact and penetration in occasions like car accidents, 
which may leads to disastrous consequences. Therefore, electrode materials should 
have strong lattice stability and low electrode-electrolyte reactivity at elevated 




Secondly, electrode materials should be capable of fast extraction and insertion of Li
+
 
ions so that the LIB cell can deliver sufficient power and can be charged rapidly. 
Thirdly, electrode materials should sustain long-term cycling with repeated drastic 
volume change during fast extraction/insertion of Li
+
 ions. Finally, the cost of the 
electrode materials is preferably as low as possible, due to the huge quantity of 
electrode materials used in large-scale applications. To paint a complete picture of the 
research background of this work, common electrode materials will be reviewed in 
detail in the following sections. 
1.3 Oxide cathode materials 
1.3.1 From sulfides to oxides 
Prior to the era of lithium-ion battery, early lithium metal batteries did not receive 
wide commercial attention as they do today, whereas the lead acid, Ni-Cd and Ni-MH 
batteries dominated the market of rechargeable batteries. Primary lithium metal 
batteries of Li/CFx and Li/MO2 systems were initially introduced back in 1960s. 
Rechargeable lithium metal batteries of Li/TaS2 and Li/TiS2 systems were first proposed 
in 1970s, and were then intensively studied. Exxon first marketed rechargeable lithium 
metal battery of Li/TiS2 system in 1977 but failed to win the market. Since these 
cathode materials of sulfides and carbon fluorides initially carry no Li
+
, expensive and 
highly flammable metallic lithium or its alloys have to be the counter electrode to 
provide Li
+




voltage of the Li/TiS2 battery is only ~1.9 V, relatively low from today’s point of view. 
To overcome these drawbacks of sulfides, it is not surprising that researchers 





similar chemical bonding properties. V2O5 and MoO3 with layered structure received 
particular attention at that time [3]. The researches of layered oxides in 1980s led to 
the remarkable invention of LiCoO2 that actually has isomorph structure of LiTiS2 
(lithiated TiS2). In 1991, Sony for the first time combined LiCoO2 and graphite, and 
successfully commercialized rechargeable lithium-ion battery. From then on, 
lithium-ion batteries began to gain great attention not only from scientists but also from 
industries and consumers. Nowadays, lithium-ion battery has already dominated the 
market of rechargeable battery for portable electronic devices. 
Various oxide materials have been proposed as cathode materials in the last two 
decades of the 20
th
 century. The most important oxide cathode materials with 
α-NaFeO2 layered structure and spinel structure will be reviewed in the following 
Sections 1.3.2 and 1.3.3, respectively. 
1.3.2 Cathode materials with layered structure  
Cathode materials with α-NaFeO2 layered structure normally have the chemical 
formula of LiMO2, where M can be Co, Ni, Mn or their solid solution mixture. Among 
them, LiCoO2 with a high potential > 3.9 V vs. Li
+
/Li and a practical capacity of ~130 
mAh g
-1
 is now dominating the current LIB market of portable devices because of its 




LixCoO2 (0< x< 1) with a similar layered structure of LixTiS2 could reversibly extract 
and accommodate Li
+
. Fig. 1.2 shows a schematic of the typical crystal structure of 










 layers are stacked in a repeating configuration of Li-O-M-O-Li. This layered crystal 
structure provides two-dimensional pathways for Li
+
 diffusion. Hence, the chemical 
diffusion coefficient of Li
+






 [5, 6]. In the 
CoO6 layers, each CoO6 octahedron is surrounded by six CoO6 octahedrons through 
edge sharing with each other. Hopping conduction between transitional metal Co atoms 










 after extraction of small amount of Li
+
 [7]. Hence, LiCoO2 in micrometer size has 







Fig. 1.2 Crystal structure of layered LiMO2 (M= Co, Ni, Mn etc.)  
 
Nevertheless, LiCoO2 is not applicable in large-scale applications due to some 
intrinsic drawbacks. Firstly, LiCoO2 has a relatively low practical capacity and poor 
overcharge stability. If all the Li
+ 
ions are removed from the lattice, LiCoO2 will have a 
high theoretical capacity up to 274 mAh g
-1
. However, the theoretical capacity is 
normally limited to only 130 mAh g
-1
 with only x ~ 0.5 Li
+
 in LixCoO2 reversibly 
extracted [2]. Further extraction of Li
+
 results in phase transition into unstable structured 
lithium poor CoO2, leading to release of oxygen and collapse of lattice structure [8]. 
Secondly, the charged state Li~0.5CoO2 is not thermal stable with electrolyte at elevated 
temperature (60 °C). The high reactivity between the further delithiated Co
4+
 and HF in 
the common LiPF6 electrolyte leads to rapid capacity decay and disastrous safety 
consequences. Finally, cobalt is highly toxic and very expensive due to limited 
availability. Therefore, LiCoO2 is not an environmental and economical choice for 
large-scale applications. 




environmentally friendly and economical, since nickel and manganese are less toxic, 
more abundant and cheaper than cobalt. However, the charged phases of these two 
materials are highly unstable, resulting in poor cycle performance. Furthermore, LiNiO2 





 displacement and Jahn-Teller distortion of Mn
3+
 are the main causes for the 
poor lattice stability and poor rate capability of these two materials and their derives 
such as LiNi1/2Mn1/2O2. 
On the other hand, LiNi1/3Co1/3Mn1/3O2 is indeed a promising alternative to 
LiCoO2 with only one third of the cobalt usage [10]. In the lattice of 
LiNi1/3Co1/3Mn1/3O2, the transitional metal ions Ni, Co and Mn are in the valence state 
of +2, +3 and +4 respectively, occupying the octahedral sites randomly. Co
3+
 strongly 
reduces the cation mixing level, leading to much improved specific capacity and rate 
capability compared to LiMO2 (M= Ni and/or Mn). LiNi1/3Co1/3Mn1/3O2 can provide a 
high capacity of 200 mAh g
-1 
when cycled between 2.5 V and 4.6 V [10]. 
LiNi1/3Co1/3Mn1/3O2 may gradually replace LiCoO2 in small cells for electronic devices 
because of its relatively low cost and the fabrication similarity with LiCoO2. 
Nevertheless, the high capacity of LiNi1/3Co1/3Mn1/3O2 is achieved though high 
potential charge at the expense of safety. Similar to the other layered cathode material, 
the oxygen loss and subsequent lattice collapse in overcharged state and elevated 




1.3.3 Cathode materials with spinel structure 
 
Fig. 1.3 Crystal structure of spinel LiMn2O4 
 
Spinel compounds such as LiMn2O4 are promising alternative to LiCoO2 because 
of low toxicity, low cost and abundant availability. Li
+
 insertion and extraction of 
LiMn2O4 were first reported by Thackeray et al. in 1983 and 1984 [11, 12]. LiMn2O4 has 
an operating potential of 3.9-4.1 V vs. Li
+
/Li with a theoretical capacity of 148 mAh g
-1
. 
Fig. 1.3 shows a schematic crystal structure of LiMn2O4. In the cubic close-packed 
arrangement, oxygen anions occupy 1/8 of the tetrahedral sites, Li
+
 ions occupy half of 




 ions occupy the octahedral sites. MnO6 
octahedrons form a 3-d framework through which Li
+
 can migrate in 3d tunnels. 
Because of this 3d migration mechanism, Li
+
 diffusion is relatively facile in LiMn2O4 







However, the practical capacity (only 120 mAh g
-1
) and the rate capability of 












). Furthermore, LiMn2O4 shows very poor storage and 
cyclic stability, especially at elevated temperature. For example, irreversible capacity 
loss of LiMn2O4 is up to 35% after 4 weeks of storage at 55 ºC [15]. One cause for this 
problem is the strong Jahn-Teller lattice distortion induced by Mn
3+
. As a result, 
LiMn2O4 tends to transform into disordered tetragonal structure in the discharged state 
[16]. Another cause is the electrolyte degradation on the surface of LiMn2O4 producing 
radical and acidic HF in high charged state [17]. Consequently, Mn
3+
 slowly dissolves 
into the electrolyte, while the highly radical HF corrodes the electrode and other 
components in the battery.  
To overcome the poor lattice stability of LiMn2O4, two different strategies have 
been developed: (a) foreign cation doping and (b) surface modification. The principle of 
foreign cation doping is to reduce Mn
3+ 
concentration in the initial electrode and thus 
lessen the influences of Jahn-Teller distortion. Direct substitution of Mn
3+
 can be 














by Thackeray et al. [16]. The cation doping indeed significantly improved the lattice 
stability and cycleability of LiMn2O4, however, the practical capacity was reduced and 
dissolution of Mn
3+
 at elevated temperature remained unsolved. 
The cation-doping attempts induced the discovery of a category of “5 V” spinel 
cathode materials of LiMxMn2-xO4 (0< x< 1) with M = Ni, Co, Fe, Cr and Cu [24-29]. 




~5 V, synthesis easiness and low cost. Unfortunately, their high voltage plateaus exceed 
the safe operation window (1-4.5 V) of current organic electrolytes [30]. The high 
potential aggravates the electrolyte degradation, resulting in poor cycleability and 
safety concerns [2, 31]. The feasibility of these high potential spinel materials greatly 
relies on breakthroughs in the organic electrolyte system in the future. 
The strategy of surface modification is to coat the particle surfaces with inert 
materials to prevent HF etching. Oxide materials, such as MgO, Al2O3, ZnO, and ZrO2, 
have been successfully coated on spinel LiMn2O4 particles [32-35]. LiMn2O4 with 
these surface coatings exhibit significantly improved cyclic performance even at 
elevated temperature of ~55 ºC. Nevertheless, the insulating coatings hinder the 
interparticle electronic transport, resulting in poor rate capability. Moreover, the 
wet-chemistry routes through which the surface modifications were realized are still too 
difficult to scale up into industrial productions. 
1.4 LiMPO4 with olivine structure 
One vital drawback of oxide cathode materials is the instability of the oxygen 
close-packed structure and the possible oxygen loss when overcharged or overheated. 
On the other hand, phosphates have incredibly high lattice stability and safety features 
owing to the strong covalent bond of P-O. In 1980s~1990s, a series of compounds with 
framework formed by polyanions (XO4) 
y-
 (X ~ S, P, As, Mo, W) were explored by the 




constraint the oxygen atoms and minimize the defects of oxygen site, leading to stable 
frameworks. Furthermore, the presence of the polyanion (XO4)
y-
 with strong X-O 
covalent bond stabilizes the anti-bonding transitional metal redox couple through an 
M-O-X inductive effect to generate a relatively high potential. In 1997, Padhi and 
Goodenough et al. first reported LiMPO4 (M =Fe, Mn, Co, and Ni) compounds with 
olivine structure as cathode materials [43]. Olivine structured phosphates have received 
great attention as safe cathode materials for large-scale applications owing to their 
incredibly high lattice stability. 
 
1.4.1 LiFePO4 
Fig. 1.4 shows the crystal structure of olivine type LiMPO4 (M= Fe, Mn, Co and 
Ni). As can be seen, the corner sharing FeO6 octahedrons form layers that are further 
cross linked by PO4 tetragons. PO4 tetragons and FeO6 octahedrons form a 3d 
framework that undergoes small volume change of 6.8% after removal of Li
+
 [43]. The 
M2PO4 olivine structure has metal atoms in half of the octahedral sites and P atoms in 
one-eighth of the tetrahedral sites of the hexagonal close-packed (HCP) oxygen array. 
M1 octahedral site is occupied by Li
+
, while M2 octahedral site is occupied by 
transitional metal ions M
2+






Fig. 1.4 Crystal structure of olivine LiFePO4 
 
LiFePO4 initially carries one Li
+
 ion per formula unit that can be reversibly 
extracted. The theoretical capacity based on this one-electron reaction is ~170 mAh g
−1
 
with a potential of ~3.45 V vs. Li
+
/Li [43, 44]. LiFePO4 has been regarded as the most 
promising cathode material for large-scale LIBs in EVs/HEVs particularly, owing to its 
relatively large specific capacity, extremely high stability and safety features, excellent 
cyclic performance, non-toxicity, low cost and abundant availability. 
Although the phosphate framework structure of LiFePO4 leads to favorable lattice 
stability, it also results in inferior electronic and ionic conductivities when compared to 
oxide materials. In the lattice of LiFePO4, each FeO6 octahedron has four nearest 
neighbors being linked through cornering sharing oxygen atoms, in contrast to the 
edge-sharing feature in layered LiCoO2 and spinel LiMn2O4. As a result, the electron 




than that in oxide cathode materials. In addition, transitional metal FeO6 layers are 
separated by the inductive covalent-bonded PO4 layers, resulting in poor interlayer 


















). LiFePO4 also has a very poor ionic transport with a 














). This is because Li
+
 ions can only migrate in 
one-dimensional tunnels along [010] direction in olivine lattice, compared to the 2d 
diffusion in layered LiCoO2 and 3d diffusion in spinel LiMn2O4. 
1.4.2 LiMnPO4 




 (5.1 V vs. Li
+
/Li) in olivine lattice exceed the 





 (4.9 V vs. Li
+
/Li) in olivine LiCoPO4 seems to be more feasible, severe 
electrolyte degradation is still unavoidable. The practical applications of these “5V” 
cathode materials strongly rely on breakthrough of electrolyte system with better 
anodic stability. 
On the other hand, olivine LiMnPO4 does have a pleasing high potential of ~ 4.1 V; 
however, lithium extraction from LiMnPO4 lattice has been proved to be extremely 
difficult due to poor electronic/ionic conductivities and anisotropic Jahn-Teller lattice 
distortion induced by Mn
3+
 [43, 45, 48, 49]. Although some notable achievements on 




coating [50-58], the rate capability and cycleability still cannot meet the requirements 
of practical application at this moment. A viable solution is to fabricate solid solution 




 leads to improved 
structural, electrical and electrochemical properties [43, 49]. Recently, Aburch et al. 
successfully improved the electrochemical performances by M2 site substitution of 
Fe
2+
 and extensive carbon coating [59]. The specific capacity of the carbon coated 
LiMn0.8Fe0.2PO4 can reach 160 mAh g
-1
. Nevertheless, the rate capability of the 
LiMnxFe1-xPO4 (0≤ x≤ 1) material is still not desirable at this moment. The 
solid-solution LiMnxFe1-xPO4 (0≤ x≤ 1) attracts increasing attention for the higher 
potential and the higher energy/power density when compared to LiFePO4. 
LiMn1-xFexPO4 with various compositions of x = 0.15 [60, 61], 0.2 [59], 0.25 [62], 0.4 
[48, 63], and 0.5 [64-67] etc. have been developed for optimized electrochemical 
performances. High quality carbon coating and effective nanosizing are requisites to 
thorough extraction of Li
+
 from Mn based olivine cathode material due to the poor 
electronic and ionic conductivity and strong reactivity of Mn
3+
 with electrolyte. 
1.4.3 Modification strategies 
As stated in Section 1.4.1 and 1.4.2, the low electronic and ionic conductivities 
are the main obstacles to achieve high rate performance of olivine cathode materials. 
Supervalent cation doping and conductive coating have been proven as effective 
methods to overcome the poor electronic conductivity. On the other hand, ionic 




pathway, enlarge reaction area and improve electrolyte infiltration. These strategies are 
often combined with each other to obtain optimal electrochemical properties in 
practical applications.  
1.4.3.1 Cation doping 
Cation substitution on both Li site (M1) and transitional metal site (M2) have been 
studied with various metal ions. Chiang and co-workers first found that trace-level 
doping with supervalent ions, for example Nb
5+
, on M1(Li) site of LiFePO4 could 
significantly increase the electronic conductivity by up to eight orders [46]. As shown 
in Fig. 1.5, the electrochemical performances of LiFePO4 have been largely improved 
by only 0.2 mol% Nb
5+
 doping on M1 site. Supervalent cations doping on M1 site has 
been done via several synthesis routs, such as solid-state reaction, microwave heating, 

















 etc. have been used to dope on M1 site 
to improve the electronic conductivity [68-70]. Rietveld refinements with high quality 
X-ray diffraction (XRD) and neutron ray diffraction (NRD) from different research 
groups have proved the solubility of trace amount supervalent cations in olivine lattice 
[71, 72]. These rigorous refinement results also suggest that supervalent cations should 
most likely occupy M1 site substitution with M1-site vacancies generated for 
electro-neutrality [71, 73]. In general, supervalent cations trace doping on M1 site 





The cause for the elevated electronic conductivity and enhanced electrochemical 
performances is still in debates. Chiang suggested that the trace doping create more 
holes and raise the p-type conduction. On the other hand, some researchers argued that 
the olivine lattice were not able to accommodate foreign cations and that conductive 
metallic species such as Fe2P and NbOPO4 were probably formed on the particle 
surfaces or grain boundaries, which accounts for the elevated electronic conductivity 
[69].  
 
Fig. 1.5 Enhanced rate performance of 0.2 mol% Nb
5+
 doped LiFePO4[46] 
 
It has been found that Nb
5+





 anti-site defects in olivine lattice [74]. The originally 
homogeneously distributed Fe
2+
 defects on the Li
+
 diffusion pathway in olivine lattice 
was reduced after trace Nb
5+
 doping, leading to improved Li
+
 diffusion kinetics. Single 
crystal of silicon and aluminum doped LiFePO4 were successfully synthesized by 
Maier et al. [75, 76]. The conductivity results based on single crystal specimens indicate 




cation doping, although the enhancement is not as high as those of the works from 
Chiang [46]. Moreover, the defected lattice after supervalent doping can also leads to 
an “extended lithium solid solubility” in the lithium rich LiFePO4 and lithium poor 
FePO4 phases, which can potentially reduce the interphase strain-stress during Li
+
 
extraction and insertion [71, 77]. 
Researches of cations doping on M2 (Fe) site of LiFePO4 mainly focus on direct 




[79, 80] and Zn
2+ 
[81] 
etc.. M2 site substitution seems to have very little effects on electronic conductivity. 
Although these works showed certain improvements of electrochemical properties 
over the pristine LiFePO4, they were usually accompanied with other modifications 
such as carbon coating to enhance electronic transport. 
1.4.3.2 Conductive additives 
The feasible conductive additives include amorphous carbon [82-85], carbon 
nanotubes [86], silver [87-89], copper [90], conductive polymer [91, 92] and so on. 
The ideal coating should not only deliver electrons to all the particle surfaces, but also 
facilitate electrolyte infiltration. Although metals such as silver and copper have very 
high electronic conductivities, the poor electrolyte infiltration and considerably high 
cost hinder their practical applications. Conductive networks such as carbon nanotubes 
[86], graphene sheets [62, 93, 94] and conductive polymers [91, 92, 95] may have 





On the other hand, amorphous carbon coating is a simple, facile, economical and 
effective strategy to improve the electronic transport and electrochemical properties of 
phosphate materials. It has been widely adopted in the research of electrode materials 
and industrial production. The carbon-coating strategy for phosphates materials though 
pyrolysis of organic compounds was initially proposed by Huang and Nazer et al. [82]. 
In general, there are three important benefits of carbon coating : (1) to serve as a 
reductive agent to prevent Fe
3+
 oxidation; (2) to hinder particle growth; and (3) to 
enhance the electronic conductivity over the particles. Carbon coating can be conducted 
through many synthesis routes with various carbon sources such as carbon black, 
sucrose, glucose, citric acid, pitch, polymer and various organic compounds. The 
morphology and the performance of the final products largely depend on the processing 
and carbon sources. 
1.4.4 Synthesis routes 
Nanosized particles are necessary for phosphate materials due to their sluggish 
electronic and ionic transport properties in bulk phase. Nano-sized phosphate materials 
have been developed and engineered through various synthesis methods. In addition, 
particle size, micromorphology, impurity, defects and crystallinity of the electrode 
materials also play important roles in the electrochemical performances. The following 
sections will review the main synthesis routs that have been proposed and optimized for 




1.4.4.1 Solid -State Reaction 
Solid-state reaction, as the name suggests, is a chemical reaction in the absence of 
solvent. The raw materials are mechanically mixed or milled homogenously, while the 
mixture is calcinated at high temperature to promote atom diffusion and reaction in 
solid phases. Solid-state reaction has the advantages of synthesis ease, economics (no 
solvent needed) and high reaction rate (high reactant concentration without solvent). 
As a conventional method for producing materials and ceramics with a long history, 
solid-state reaction is the most widely used synthesis route in the commercial 
production of electrode materials. Leading industrial companies such as A123, Valence 
and Sony are all using solid-state reaction to produce powders of LiCoO2, LiMn2O4 and 
LiFePO4 [96]. 
In a typical solid-state synthesis route of LiFePO4, stoichiometric amount of iron 
salt (usually ferrous oxalate), a lithium compound (usually lithium carbonate or lithium 
hydroxide), and ammonium phosphate as the phosphorous source, are firstly milled into 
a homogeneous mixture. The mixture is then decomposed at a temperature of 300–400 
◦
C in inert atmosphere to expel the gases. Finally, the mixture is sintered at temperatures 
ranging from 400 to 800 
◦
C for 5-24 h in inert atmosphere, sometimes with reductive 
hydrogen to reduce Fe
3+
 if applicable. The purity, composition and morphology of the 
final material depend largely on the processing parameters such as the homogenization 
parameters and calcinations temperature. Although an inert or even reductive 
atmosphere is employed, the presence of the residual Fe
3+




often reported, since Fe
2+
 is very sensitive to oxygen. Fe
3+
 might be formed by a small 
amount of oxygen included in the inert gas and/or residual air trapped in the small pores 
of the particles. When the sintering temperature is higher than 800 
◦
C, some impurities 
such as Fe2O3, Li3Fe2(PO4)3, Fe2P, Li3PO4 etc. may be formed [97-99]. Carbon or 
carbon-containing organics, for example sucrose and citric acid can be added into the 
mixture as carbon sources in order to enhance the electronic conductivity of the final 
products. 





 as iron source. Naturally abundant Fe
3+
 compounds such as Fe2O3 are 
much cheaper than the Fe
2+
 reactant such as ferrous oxalate. Carbon sources are added 




 at high temperature. 
Single-phase LiFePO4 can be obtained by thermal treatment above 800 
◦
C. Since the 
calcination temperature is much higher than that in traditional solid-state reaction, the 
particle size is relatively large, and Fe
3+
 impurities are possibly residual. Thus, 
electrochemical performances of LiFePO4 synthesized via carbon thermal reduction are 
normally not ideal [96, 100, 101]. Nevertheless, carbon thermal reduction is of 
particular significance in industrial production for its low cost.  
Mechanical activation/alloying are variants of solid-state reaction for production 
of very fine powders. Mechanochemical alloying/activation take place in high-energy 
milling with continuous rigid impact and friction. The raw material powders undergo 




mechanochemical alloying/activation. The process is able to produce powder with very 
fine particles in less time when compared to the traditional solid-state reaction [96, 
102-105]. However, the impurities contaminated from the ball milling media and 
oxidation of Fe
2+
 during high-energy ball milling are still problems to be solved, 
particularly in large scale productions. 
1.4.4.2 Wet-chemistry routes 
Wet-chemistry routes such as hydrothermal reaction, sol-gel and co-precipitation, 
refer to chemical reactions in liquid solutions. Wet-chemistry routes offer the 
feasibility of molecular level mixing and reaction, nanosizing, nano- and micro- 
structure control, and in-situ conductive coating. The drawbacks of the wet chemistry 
routes may include low crystallinity, impurity phase, oxidation of Fe
2+
 in aqueous 
solution and relatively higher cost when compared to conventional solid-state reaction. 
Sol-gel method is probably the most widely used wet-chemistry route for 
LiFePO4. The motivation for sol-gel processing of LiFePO4 primarily lies in the fact that 
it ensures a potentially higher purity and homogeneity than mechanical mixing process. 
Sol-gel processing enables the control of the structure of a LiFePO4 on a nanometer 
scale from the earliest stages of processing [83, 96, 106, 107]. In a typical sol-gel 






are mixed in aqueous solution 
with chelating agents added to form a homogenous sol. Citric acid or other chelating 
agents continue to form a 3d gel framework as shown in Fig. 1.6 [108]. The gel was 




other soluble organic compounds such as sucrose, glucose and ascorbic acid act as the 
in-situ carbon sources for the final LiFePO4 nanoparticles. As a result of the molecular 
level mixing, nanoparticles of LiFePO4 synthesized via sol-gel are fine, uniform and 
disperse. 
  
Fig. 1.6 Typical gel structure for developed using sol-gel with citric acid [108].  
 
Hydrothermal synthesis is a quick, facile, energy-saving and economical method 
to prepare nanostructured materials. It has been proven as a very successful and 
efficient method for many oxide materials and in many research fields including LIBs, 
super-capacitors, photovoltaics and sensors. LiFePO4 with preferred crystal shape and 
surfaces can be tailored using the hydrothermal synthesis [109, 110]. Nevertheless, the 
hydrothermally synthesized LiFePO4 has relative inferior electrochemical properties 
due to severe Li-Fe anti-site defects [96, 111-113]. It was found that more than 7% of 
the Fe
2+
 ions occupy the M1 site in the hydrothermally synthesized LiFePO4 [111], 
which blocks the one-dimensional migration pathway of Li
+
 ions. Additionally, 




synthesized LiFePO4 due to the oxidizing circumstances in aqueous solution [109]. 
Hence, hydrothermal reaction is not a favorable approach for electrochemically active 
olivine materials. 
Co-precipitation is also a solution-based method that offers the advantages in 
uniform particle size. Pure and homogeneous LiFePO4 can be synthesized by aqueous 
co-precipitation and subsequent heat treatment in inert atmosphere [96, 114-116]. 






 ions with the pH value adjusted 
between 6 and 10 facilitates the formation of LiFePO4 rather than the formation of 
Li3PO4 and Fe3(PO4)2. The main drawback of this method is low production rate and 
possible impurities of LiFePO4(OH), Fe3(PO4)2 and Li3PO4. 
1.4.4.3 Other synthesis routes 
Various synthesis routes have been developed to synthesize phosphate materials, 
such as emulsion-drying, spray pyrolysis, freeze-drying method, KCl molten salt 
method, polyol method, rheological phase reaction, electric discharge assisted 
mechanical milling etc [117]. However, most of these unusual methods require either 
special complex processing or expensive equipment, leading to high cost of final 
products.  
1.5 LiMPO4F with tavorite structure 
Olivine LiFePO4 has been regarded as one of the most promising cathode material 
in LIBs for EVs/HEVs. However, its low potential (3.4 V vs. vs. Li
+




drawback for high power and energy applications. Recently, many efforts have been 
devoted to exploration and development of high potential or high capacity phosphates 
and fluorophosphates materials such as LiMnxFe1-xPO4, LiFePO4F and LiFeSO4F [56, 
118-120]. Tavorite LiVPO4F, first proposed by Barker et al. in a pioneering work [121], 
is a 4.2 V (vs. Li
+
/Li) fluorophosphate cathode material with a theoretical capacity of 
155 mAh g
-1
, as shown in [121]. It is much more electrochemically active than its 
direct competitor LiMnPO4 (4.1 V), from which through extraction of lithium is still 
very difficult [43, 45]. Although LiFePO4 has superior advantages as cathode material 
in large-scale power source, especially in electric vehicles, its low potential (3.45 V vs. 
Li
+
/Li) is not satisfactory. The intrinsic low potential limits the energy and power 
density of the material.  
 
Unlike other high potential materials, LiVPO4F has good stability with electrolyte 
and decent long cyclic performance. Differential scanning calorimetry (DSC) test 
showed that LiVPO4F in charged state is thermally stable up to 175 ºC with very small 
heat flow [122]. Zhou et al. further confirmed the thermal stability of charged state 
LiVPO4F electrode with electrolyte was as good as LiFePO4, the most stable cathode 
material known so far [123]. Good cyclic performances have been demonstrated both 
in half-cells and full-cells coupled with commercial graphite anode [124, 125].  
The sensitive and volatile fluoride is the main obstacle in synthesis of 
electrochemically active LiVPO4F. Most previous reports on LiVPO4F used solid-state 








reduction,  Barker et al. applied an ion exchanging method to achieve LiVPO4F from 
isomorph NaVPO4F [126], while Li et al. developed a sol-gel method to obtain 
nanocrystalline LiVPO4F [127]. The LiVPO4F in the previous reports has often been 
found with impurities of either LiF or Li3V2(PO4)3 [123, 124, 127], which limits the 
electrochemical properties. Normally the realizable specific capacity of LiVPO4F is 
limited to about 130 mAh g
-1




1.6 Anode materials 
Graphite and its derivatives have dominated as the anode material in commercial 
LIBs for over two decades. It has a high theoretical capacity of ~370 mAh g
-1
, good 
electronic conductivity and low operation potential at 0.2 V (vs. Li
+
/Li). Until now, 
graphite is still the first choice for small cells in portable devices and other applications 
that can endure long charge duration. However, graphite falls short on fast charge 
capability and safety features required by EVs/HEVs. Metallic lithium easily deposits 
on graphite surface at elevated temperature (60 ºC) and/or upon fast charge [128]. The 
metallic lithium dendritic crystals can penetrate the separator, causing internal short 
circuit between cathode and anode. The high flammability of lithiated graphite further 
intensifies safety concerns especially when it is used in large-scale LIBs. 
Alternatives to graphite such as LixTiyOz, Sn, Si, TiO2 and other metal oxides have 




metal oxides (i.e. SnO2) have demonstrated much larger capacities than graphite. 
However, they are not practically suitable for commercial LIBs, especially for 
large-scale applications, due to their low coulombic efficiency, relatively poor fast 
charge performances and severe safety concerns. Sn and Si undergo >300% volume 
changes [129, 130] upon first lithiation, resulting in serious safety risk in close-packed 
commercial LIBs. 
Among various candidates for anode materials, titanium based materials, especially 
TiO2 and Li4Ti5O12, have received particular attention because of their crucial 
advantages in safety features and fast charge capability. Li
+





 redox is normally ~1.5-2 V, lying inside the organic electrolyte window (1-4.5 
V)[30]. Titanium based materials also undergo much smaller volume changes upon 
lithiation (e.g. 4% for anatase TiO2) when compare to graphite (10%), Sn and Si (> 
300%), leading to better electrode stability [129, 130]. TiO2 and Li4Ti5O12 may the most 
promising anode material for safe and fast charge large-scale LIBs. The main drawback 
of LixTiyOz materials is the relatively low capacity compared to Sn and Si. TiO2 has a 
theoretical capacity of up to 335 mAh g
-1
, while Li4Ti5O12 has a theoretical capacity of 





Table 1.1 Comparison of cathode materials for large-scale LIBs 















LiCoO2 >3.9 270 140 Good Fair Fair 







LiMn2O4 4.1 140 120 Fair Poor Poor 
LiNi0.5Mn1.5O4 4.7 140 120 Fair Poor Fair 




 Excellent Excellent 




 Good Good 




 Good Good 
† charged to 4.6 V vs. Li+/Li 
* after proper modifications 
‡ largely depends on the processing and Mn content 
 
Table 1.1 summarizes the basic features of the candidate cathode materials for the 
next generation LIBs in large-scale applications. In summary, phosphate cathode 
materials, particularly LiFePO4, are probably the most promising candidates for 
large-scale applications owing to their crucial advantages on safety features, 
cycleability and lattice stability over the oxide materials. LiFePO4 is also economical, 
nontoxic, and environmentally friendly. Over the past decade, researchers have spent 
most efforts on LiFePO4 due to its superior potential as cathode materials for large-scale 
applications. However, as shown in Table 1.1, the operation potential of LiFePO4 is 
relatively lower than most of the oxide cathode materials. On the other hand, isomorph 
LiFexMn1-xPO4 (0 ≤ x ≤ 1) and tavorite LiVPO4F with high potential of ~4 V may be 




and ionic conductivity hinder their rate performances. To overcome these drawbacks, 
these phosphate materials need to be modified through cation doping/substituion, 
conductive coating, and/or nano-structuring.  
This research work mainly focuses on the development of high rate performance 
phosphate materials with olivine and tavorite structure. Firstly, electrical conductive 
olivine LiFePO4 was achieved through supervalent doping in Chapter 3, and through 
carbon coating in Chapter 4. Carbon coated olivine LiFePO4 was synthesized with a 
facile liquid phase polymer assisted mechanical activation. Both strategies have 
demonstrated impressive improvements in electrochemical performances. Then, 
carbon coated high potential “4V” olivine LiFexMn1-xPO4 (0≤ x≤ 1) and tavorite 
LiVPO4F that may qualify the next generation of large-scale LIBs were developed in 
Chapter 4 and Chapter 5. Electronic conductivities and ionic diffusivity, 
electrochemical properties, and Li
+
 extraction/ insertion mechanisms of tavorite 
LiVPO4F have also been studied in detail. Unlike the extensively researched olivine 
materials, some inherent properties and mechanisms of tavorite materials are still not 
uncovered with very few reports. The study of the tavorite materials will reveal the 
limitation factor and guide the further modification of these materials. Thirdly, a novel 
solution based synthesis route based on phosphonate compounds was proposed for the 
first time and preliminarily studied in Chapter 6. This synthesis route can be applied to 
synthesize various kinds of phosphate materials with nanoparticles formed 3d 




facile and economical mechanochemical milling. The nanosized TiO2 may be a safer 
alternative of the conventional graphite anode to couple with the high rate performance 





2 Experimental Approach 
2.1 Material Preparation 
Most of the materials were synthesized via a conventional solid-state reaction in 
this dissertation, expect for Chapter 7 in which a novel solution based wet-chemistry 
method is proposed and preliminarily studied. Generally, solid-state reaction involves a 
mechanical milling process to mix and mill raw materials into homogenous fine 
powders. Thereafter, chemical reactions take place through solid-state diffusion, 
nucleation and grain growth at elevated temperature, thus yielding the crystallized 
material. Details of the material preparation will be elaborated in each chapter.  
2.2 Material Characterization 
2.2.1 Elemental Analysis 
Elemental analysis, especially inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), was used to determine the elemental ratio in the synthesized 
material. The ICP-AES technology offers high precision detections of trace amount of 
heavy metal element. 
2.2.2 X-ray diffraction 
Crystal structure of the material investigated was identified using powder X-ray 
diffraction (XRD, Shimadzu XRD-6000/7000, Cu Kα radiation). To acquire credible 




using continuous scan mode with a scanning rate of 1 º/min. For Rietveld refinement, 
high count XRD data were obtained using step scan mode with 0.02 º/step and long 
duration of up to 12 s per step. 
Nanocrystalline materials have noticeable XRD peak broadening effects. Average 
crystallite size can be therefore estimated from XRD peak broadening by application of 
Scherrer equation: 
𝑑 =  
0.89𝜆
(𝐵−𝐵0)𝑐𝑜𝑠𝜃
               Equation 2.1 
where λ is the X-ray wavelength (Kα1, 1.540563 Å), B is the half 
maximum intensity (FWHM) of XRD peak in radians, B0 corresponds to equipment 
broadening effects, and θ is the Bragg angle. To achieve high precision estimation, Kα2 
contributions were subtracted by software, while instrumental broadening (B0) were 
corrected based on the diffraction data of standard polycrystalline silicon powders (325 
mesh). 
2.2.3 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique widely used to characterize 
vibrational, rotational and other low-frequency modes in a material. An excitation laser 
of 532 nm wavelength was adopted for the Raman spectra measurements in current 
work. Raman spectroscopy is an effective analysis technique to identify the existence 
and disordered state of carbon coatings in the materials. Pyrolysis carbon coating in 
electrode materials are normally in amorphous form due to the low calcination 




properties according to the clustering of π states (sp2 in aromatic rings). Amorphous 
carbons with higher ordered sp
2
 phase normally have better electronic conductivity. 
As shown in Fig. 2.1, the main peaks of carbon in the Raman spectra are located at 
about 1580 cm
−1
 and 1360 cm
−1
 known as G band and D band, respectively. The peak 
intensity, position and width provide information on the disorder state of carbon 
hexagonal aromatic rings. The G band is caused by E2g bond stretching of all pairs of sp
2
 
atoms in both rings and chains, while the D band is caused by A1g breathing modes of 
sp
2
 atoms in rings [131]. The ratio between the intensities of D and G peaks, ID/IG, is 
believed to be proportional to the number and cluster of aromatic rings in amorphous 
carbon [131-133]. Hence, the degree of graphitic disorder of the carbon coatings can be 
estimated through the measurement of ID/IG ratio. Higher value of ID/IG indicates less 
ordered graphite like sp
2
 states, which normally implies better electronic conduction 
[134]. 
 




2.2.4 Electron Microscopy 
Electrochemical properties of electrode materials significantly depend on their 
micromorphology and particle size. Micromorphology and particle size of the materials 
investigated were directly observed using field-emission scanning electron microscopy 
(FE-SEM, Hitachi S-4300) and high-resolution transmission electron microscopy (TEM, 
JEOL-2010F). 
2.2.5 Conductivity Measurement 
Total electrical conductivity and electronic conductivity of dense pellets were 
measured by alternating current (AC) impedance spectroscopy and direct-current (DC) 
polarization using the Solartron 1260 frequency response analyzer and Solartron 1287 
electrochemistry interface. For instance, a typical disc pellet is of ~10 mm in diameter 
and ~1 mm in thickness with a density at least 80% of the theoretical value. Ionic 
blocking gold or platinum electrodes were sputtered on both faces of the disc pellets. 
AC impedance spectroscopy was carried out in the frequency range from 10
7
 Hz to 
as low as 0.01 Hz. The intercept of the semi-circle with the Z’ axis is used to calculate 
the AC conductivity σAC. Electronic conductivity σDC was determined using 
chronoamperometry from null to 500 mV at room temperature with a step interval of 
50 mV. After each step of voltage increase, the voltage ΔU was stabilized for 1 h.  In 
the beginning the current should be contributed by movement of electrons, holes and 
Li
+




prolonged time due to polarization of Li
+
. After sufficient long time of polarization, a 
stationary current Istationary was reached, which should be only contributed by electrons 
and holes. Therefore ΔU and Istationary should obey Ohm’s law with electronic resistance 
Re = ΔU/Istationary. 
2.2.6 Thermal analysis 
Simultaneous thermogravimetric analysis (TGA) and differential thermal analysis 
(DTA) were conducted using a Shimadzu DTG-60H. Thermal analysis is a useful tool to 
identify transformation and reactions upon heat treatment. Residual carbon content in 
the final products was also determined using TGA technique in this work. 
 
2.3 Electrochemical Properties 
2.3.1 Electrode preparation and battery assembly  
Working electrodes were prepared by doctor-blade method. The active materials, 
carbon black (Super P) and polyvinylidenefluoride (PVDF, 99%, Sigma-Aldrich) were 
thoroughly ground and mixed in weight ratio of 80: 15: 5 in solvent 
n-methyl-2-pyrrolidone (NMP) to obtain a homogenous slurry. The viscous slurry was 
then pasted on an aluminum or copper foil to obtain the working electrodes. Active 
material loading densities of the working electrodes were controlled in the range of 3-6 
mg cm
-2
 unless otherwise specified. Working electrodes were pressed using a rolling 




oven before battery assembly. Two-electrode Swagelok
TM
 type half-cells were 
assembled in an argon glove box.  A Celgard 2500
TM 
separator was sandwiched 
between the working electrode and a 0.59 mm thick metallic lithium foil. The electrolyte 
consists of 1 M LiPF6 in ethylene carbonate (EC), diethyl carbonate (DEC) and 
dimethyl carbonate (DMC) (DC: EC: DMC, 1:1:1, vol.) solutions.  
2.3.2 Cyclic voltammetry 
Cyclic voltammetry (CV) on half-cells was carried out using Solartron 1287 
electrochemistry interface. CV is a widely used potentiodynamic electrochemical 
technique in research of LIBs and many other electrochemical systems. In a CV test, a 
linearly ramping potential known as scan rate in mV s
-1
 is applied to a cell, while the 
current response is recorded. CV curve recorded at slow scan rate provides useful 
thermodynamic information of the redox potential and polarization of the 
electrochemical reactions. The potential hysteresis ΔV (peak separation between 
cathodic and anodic peaks) indicates the polarization of the electrode. 
2.3.3 Galvanostatic charge-discharge 
Galvanic charge and discharge tests were carried out using Maccor 4304 and 
Neware BTS-5V1A. Specific capacity is defined as the capacity that a material can 
deliver at a reasonably small current rate, normally 0.2C or 0.1C in this work. 1C is 
normally defined as the current that can ideally charge/discharge the maximum 






 for olivine LiMPO4 (M = Fe, Mn) and 150 mA g
-1
 for tavorite LiVPO4F in 
this work. As for rate capability tests, the half-cells were first fully charged/discharged 
at a low current density of 0.1C or 0.2C, and then discharged/charged at various higher 
current densities. Normally, the capacity will decline with increase in current density 
and rate, while working voltage polarized from the equilibrium potential, due to the 
bottleneck effects of reaction speed, electronic transport or ionic diffusion. Discharge 
rate capability represents power and energy density that a particular cathode material 
can deliver, while charge rate capability shows how fast the cathode material can be 
charged. In long-term cyclic tests, the cell will be charge-discharged at high current 
rates for hundreds of cycles to challenge the lattice stability and electrode-electrolyte 
stability. 
2.3.4 Electrochemical impedance spectroscopy 
 





Electrochemical impedance spectroscopy (EIS) of half-cells were carried out at 
steady state using the Solartron 1260 frequency response analyzer and Solartron 1287 
electrochemistry interface. As shown in Fig. 2.2, a typical Nyquist plot of EIS of LIBs 
comprises of at least one semicircle in high and mid frequency range and a sloping line 
in low frequency range. Such an EIS spectrum can be fitted with equivalent circuit 
shown in Fig. 2.3 (a). The first interception of the semicircle on the Z’ axis reflects the 
Ohmic resistance Rs of the electrolyte, electrode contact, current collector and 
separator. The semicircle reflects the charge transfer resistance Rct and the double layer 
capacitance Cdl of the electrochemical reaction of the electrode. In lithium-ion batteries, 
charge transfer reaction, or Faradic reaction, refers to the electrical charge transfer 
between electrode and electrolyte occurring at the electrode surface. Charge transfer 
resistance Rct is a quantified characteristic for the charge-transfer step and is indicative 
of the inherent speed of the electrode reaction. A large charge transfer resistance Rct 
indicates a slow Faradic reaction speed. Double layer capacitance Cdl is induced by the 
separation of the positively charged Li
+
 ions and the negatively charged electrons at 
the boundary of the electrode reaction. Warburg impedance reflects the diffusion of the 
electrical charges (Li
+
 ions in LIBs) in solid phases in the low frequency area where 
the diffusion of Li
+
















Fig. 2.3 Equivalent circuit for EIS of lithium-ion batteries 
(a) with little influence of SEI, and (b) with considerable influence of SEI. 
 
In some occasions, another semicircle contributed by solid electrolyte interface 
(SEI) layer may be observed at the low frequency range of the EIS spectra. SEI is a 
passivation layer formed on electrode in contact with electrolyte. SEI layer has the 
properties of a solid electrolyte and acts as an interface between the electrode and the 
electrolyte. As shown in Fig. 2.3 (b), the contribution of SEI is represented by an 
equivalent circuit of parallel resistance RSEI and capacitance CSEI. RSEI can be seen as 




3 Ru4+ trace doping on M1 site of olivine LiMPO4 (M 
= Fe, Mn, and Co) 
3.1 Material design 
To improve the electronic transport of olivine materials, supervalent Ru
4+
 trace 
doping on M1 site of LiMPO4 (M= Fe, Mn and Co) has been studied in this chapter 
using RuO2 as dopant. To the knowledge of the author, this is the first attempt of Ru
4+
 
doping in olivine type cathode materials.  
As described in Chapter 1, supervalent cation doping on M1 (Li) site has been 
proven as an effective solution to improve electronic transport of olivine LiFePO4. Few 
reports have been published on the trace doping of cations with free 4d electrons. 

























) have been reported [46, 68, 79, 135-137], the 4d 




) can contribute two 
free unpaired 4d-electrons and may increase the charge carrier concentration in the 
crystal lattice. Owing to this unique electronic configuration of Ru
4+
, the dopant RuO2 
is a very rare 4d-band metallic conductive oxide with extraordinarily high electronic 




 [138], in contrast to other insulating oxide dopants such 
as Cr2O3, MgO, ZrO2, Nb2O5 and MoO3 [46, 70, 71]. The high electronic conductivity 




 π* electron band just at the Fermi level 








conductivity [46, 71]. Wang et al. successfully doped up to 5 mol% Ru
4+
 into the 
octahedral sites of spinel cathode material LiNi0.5Mn1.5O4, resulting in 5 folds increase 
in electronic conductivity [140]. RuO2 has also been widely used in the study of glass 
composites to enhance the total electronic conductivity [141-143], in super-capacitors 
and as anode materials in LIBs [144, 145]. Ru
4+ 
has a 6-fold radii of 0.62 Å [146] that 
is very close to those of the doped cations in previous reports [46, 135-137] such as 
Mo
6+
 (0.59 Å [146]), Ti
4+
 (0.605 Å [146]) and Nb
5+
 (0.64 Å [146]), smaller than the 
host ions of Li
+
 (0.76 Å [146]) and Fe
2+
 (0.78 Å [146]) in olivine lattice. Therefore, 
Ru
4+
 tracing doping in the olivine lattice is supposed to be feasible. 
With these advantages in mind, defected Li1-4xRuxFePO4 was designed according 


















 occupies M1 (Li) site with three Li vacancies for electro-neutrality 
according to ref. [70] and [71]. In this design, the 𝐿𝑖𝑅𝑢
∙∙∙  holes and the free 4d electrons 
of Ru
4+ 
may both contribute to the electronic conduction in Li1-4xRuxFePO4. In Section 
3.2, Li1-4xRuxFePO4 with x = 0.005, 0.01, 0.02 and 0.03 were prepared and characterized 
in this chapter. Thereafter, the effects of supervalent Ru
4+ 
doping on high potential 







 doping on M1 site of LiFePO4 
3.2.1 Material preparation 
Pristine LiFePO4 and Li1-4xRuxFePO4 (x = 0.005, 0.01, 0.02 and 0.03) were 
synthesized via a conventional solid-state reaction. In a typical route, stoichiometric 
amounts of iron (II) oxalate dihydrate (FeC2O4·2H2O, 99%, Aldrich), lithium carbonate 
(Li2CO3, 99%, Riedel-de Haën), ammonium dihydrogen phosphate (NH4H2PO4, 99%, 
Arcos) and ruthenium dioxide (RuO2, 99.9%, Aldrich) were ball milled in liquid acetone 
or ethanol at 300 rpm for 2 h. Acetone and ethanol act as dispersing agent to protect the 
sensitive Fe
2+
 from oxidization during rigid milling. Grinding media are zirconia (ZrO2) 
balls of 3 mm and 10 mm in diameter. The ratio between zirconia grinding media and 
raw materials is roughly 5:1 by weight. The milled homogenous slurry was dried at 80 
ºC and then pre-calcinated at 350
 
ºC for 10 h in flowing argon to expel gases of CO2, 
H2O and NH3 in the reactants. The pre-calcinated powder was reground and finally 
calcinated at 600-800 ºC for 12 h in flowing argon. 
3.2.2 Characterization 
3.2.2.1 Elemental analysis 
An essential concern in the processing of trace-doping and solid-state reaction is 
whether the elements, particularly the dopant elements, can be homogenously 
distributed throughout the material. Table 3.1 shows the results of elemental analysis of 




based on Fe. The ICP-AES results demonstrate that the composition of the synthesized 
materials is generally consistent with design. The content of lithium is slightly lower 
than the designed value for both materials. This is probably caused by the low sensitivity 
of ICP-AES technique to light atoms and/or lithium volatilization during calcination. 
 
Table 3.1 Elemental analysis results of LiFePO4 and Li0.96Ru0.01FePO4 
Sample Li Fe P Ru 
LiFePO4 0.9813 1.000 1.004 N.A. 
Li0.96Ru0.01FePO4 0.9387 1.000 1.016 0.008 
3.2.2.2 Crystal structure 
 
Fig. 3.1 XRD spectra of LiFePO4 and Li1-4xRuxFePO4 (x = 0.005, 0.01, 0.02 and 0.03) 
 
Fig. 3.1 shows the XRD spectra of pristine LiFePO4 and Li1-4xRuxFePO4 (x = 0.005, 




structure for pristine LiFePO4 and Li1-4xRuxFePO4 with x up to 0.02. Impurities such as 
RuP2 and or FeP4 start to emerge with x = 0.03. This is in line with reports of other 
supervalent cation dopants [73, 147] in which the occupancy of foreign metal dopant on 
M1 site of LiFePO4 was found to be normally less than 3 mol%. Table 3.2 summarizes 
the Rietveld refined lattice parameters using GSAS+EXPGUI. Due to pronounced 
impurity phases, Li0.88Ru0.03FePO4 was not involved in this refinement. As can be seen, 
the lattice parameters a, b and the unit cell volume of Li1-4xRuxFePO4 increase 
proportionally over the compositional range x from 0 to 0.01, which follows Vegard’s 
law very well. a and b of Li0.96Ru0.01FePO4 are ~0.15% and ~0.1% larger respectively 
than those of pristine LiFePO4, while the unit cell volume of Li0.96Ru0.01FePO4 is ~0.3% 
larger than that of pristine LiFePO4. This further demonstrates that the lattice of 
LiFePO4 can probably accommodate at least 1 mol% of Ru
4+
. The lattice expansion 




[71]. It is interesting to 
find that the lattice parameters of Li0.92Ru0.02FePO4 are not larger than those of 
Li0.96Ru0.01FePO4 as expected. Therefore, the practical Ru
4+
 concentration in the lattice 
of Li0.92Ru0.02FePO4 might be lower than the designed value. The attainable solubility 
of supervalent cations in olivine lattice may largely depend on the ionic radii, particle 
size, sintering temperature and synthesis route, as suggested by ref. [71]. XRD analysis 
suggests that the solubility limit of Ru
4+
 in the lattice of LiFePO4 is probably ≤ 2 mol% 





Table 3.2 Lattice parameters of pristine LiFePO4 and Li1-4xRuxFePO4 
Composition 
Lattice parameters Refinement parameters 
a (Å) b (Å) c (Å) V (Å
3
) Rwp Rp CHI
2
 
x=0 10.3256(4) 6.0077(2) 4.6947(2) 291.23(2) 12.3% 9.39% 3.69 
x=0.005 10.3303(4) 6.0103(2) 4.6968(2) 291.62(2) 10.98% 8.24% 2.982 
x=0.01 10.3412(5) 6.0140(3) 4.6958(2) 292.04(5) 10.25% 7.83% 1.645 
x=0.02 10.3334(3) 6.0091(2) 4.6987(2) 291.83(2) 7.7% 6.17% 2.136 
 
3.2.2.3 XPS analysis 
 
Fig. 3.2 XPS peaks of LiFePO4 and Li0.96Ru0.01FePO4; (a) Fe 2p, (b) P 2p, (c) Ru 3d 





 The surface chemistry of the pristine and Ru
4+
 doped LiFePO4 particles was 
investigated using XPS. Fig. 3.2 shows the XPS peaks of LiFePO4 and 
Li0.96Ru0.01FePO4. Both materials show the similar peaks of Fe 2p and P 2p in Fig. 3.2 
(a) and (b), which agrees well with literatures [148, 149]. The Fe 2p1/2 and Fe 2p3/2 
peaks are characteristics of the Fe
2+
, which are located at 723.8 eV and 710.4 eV for 
LiFePO4, and 724.0 eV and 710.9 eV for Li0.96Ru0.01FePO4. No characteristic peaks of 
phosphides (FeP, Fe2P etc.) or Li3PO4 surface impurities [97] have been observed from 
XPS spectra of both pristine and Ru
4+
 doped LiFePO4. Conductive phase NbOPO4 has 
been found on the particle surface of the Nb
5+
 doped LiFePO4 [69]. However, in this 
work, the characteristic peaks Ru 3d5/3 and Ru 3p of ruthenium were not observed in 
the XPS spectrum of Li0.96Ru0.01FePO4. This demonstrates that the trace amount of 










Fig. 3.3 SEM images of LiFePO4 and Li1-4xRuxFePO4; 
(a) pristine LiFePO4, (b) x=0.005, (c) x=0.01, (d) x=0.02 and (e) x=0.03. 
 
Fig. 3.3 shows the FE-SEM images of pristine LiFePO4 and Li1-4xRuxFePO4 (x= 
0.005, 0.01, 0.02 and 0.03). As can be seen, all these materials have similar particle 
sizes and micro-morphologies due to the same processing. Primary particle sizes of 
pristine LiFePO4 and Li1-4xRuxFePO4 are mostly in the range of 50-150 nm. The 
nanosized primary particle enables the extraction of lithium from the innermost part of 
the particles. Secondary particles are randomly shaped with size from ~200 nm to tens 
of micrometers. Due to the agglomerated morphology, the intrinsic electronic 
conductivity and electron transport inside and between primary particles may largely 









 Fig. 3.4 AC impedance spectra of Au/Li1-4xRuxFePO4/Au pellets; 
(a) pristine LiFePO4, (b) Li0.98Ru0.005FePO4 and (c) Li0.96Ru0.01FePO4 
 
To measure the electrical and electronic conductivity of LiFePO4 and 
Li1-4xRuxFePO4, dense ceramic disc pellets of ~10 mm in diameter and 1 mm in 
thickness were prepared. The 350 ºC pre-calcinated powders of LiFePO4 and 
Li1-4xRuxFePO4 were pelletized using an axial pressure of 250 MPa. The pellets were 
then sintered at relatively high temperature of 800-900 ºC for 12 h to promote grain 




same composition during the high temperature sintering. Both faces of the as-prepared 
disc pellets were ground and polished before the deposition of gold (Au) electrode. 
Fig. 3.4 shows the Cole-Cole plots of AC impedance spectra of pristine LiFePO4 
and Li1-4xRuxFePO4 (x = 0.005 and 0.01) dense pellets measured at room temperature 
(25 ºC). Only one semicircle can be observed from each impedance spectrum. This 
semicircle reflects the total electrical resistance of the bulk phase, whereas grain 









) reported in ref. [45]. 
With trace amount of RuO2 doping, electrical conductivity of Li0.98Ru0.005FePO4 and 









respectively, four orders higher than that of pristine LiFePO4. As for Li0.92Ru0.02FePO4 
and Li0.88Ru0.03FePO4, complete impedance semicircles cannot be obtained due to their 
tiny impedance values. Electrical conductivities of Li0.92Ru0.02FePO4 and 







Fig. 3.5 I-V relationship in DC conductivity measurements of pristine LiFePO4 and 
Li1-4xRuxFePO4; (a) pristine LiFePO4, (b) x=0.005 and 0.01 and (c) x=0.02 and 0.03. 
 
To derive the contribution of electronic conductivity to the total electrical 
conductivity, DC polarization chronoamperometry measurements were carried out 
using ionic blocking Au/Li1-4xRuxFePO4/Au pellets. Fig. 3.5 shows the I-V relationship 
in the DC electronic conductivity measurements at room temperature. All the pellets of 
different compositions show good Ohmic behavior with DC polarization up to 500 mV.  
The calculated electrical and electronic conductivities are summarized in Fig. 3.6. 
As can be seen, Li1-4xRuxFePO4 (x = 0.005, 0.01, 0.02 and 0.03) materials have much 
higher electrical and electronic conductivity than LiFePO4, while the total electrical 
conductivities are mainly contributed by the electronic transport. With only 0.5 mol% 









) of pristine LiFePO4. The electronic 
conductivity of the RuO2 doped LiFePO4 is comparable with that of the traditional oxide 









The electronic conductivity of Li1-4xRuxFePO4 generally increases with dopant 








. On the other hand, 
Li0.88Ru0.03FePO4 has slightly lower electronic conductivity when compared to 
Li0.92Ru0.02FePO4, which is probably affected by the nonconductive phosphides 
impurities as indicated in the XRD analysis. This trend is also in line with ref. [46] in 










Fig. 3.6 Conductivity comparison of pristine LiFePO4 and Li1-4xRuxFePO4 
 
3.2.3 Electrochemical Properties 
3.2.3.1 Cyclic voltammetry 
Fig. 3.7 compares the cyclic voltammetry (CV) curves of pristine LiFePO4 and 
Li1-4xRuxFePO4 (x=0.005, 0.01, 0.02 and 0.03) recorded at a slow scan rate of 0.1 mV s
-1
. 
Pristine LiFePO4 has only one pair of anodic and cathodic reactions at ~3.3/3.6 V that 












 was also located at ~3.3/3.5 V in the CV curves of Li1-4xRuxFePO4 
with x = 0.005, 0.01, 0.02 and 0.03. No additional redox couple from Ru
4+
 can be 
found from the CV curves of Li1-4xRuxFePO4 (x=0.005, 0.01 and 0.02). This indicates 
that there is no electrochemically active impurity phase in the Li1-4xRuxFePO4 (x=0.005, 
0.01 and 0.02) materials. However, the CV curve of Li0.88Ru0.03FePO4 in Fig. 3.7 (e) 
reveals an additional redox couple at 4.04/4.08 V which should be ascribed to a 
reversible reaction of phosphides impurity phases etc. 
The potential hysteresis ΔV characterizes the polarization and reaction resistance 
of the electrochemical reactions on the electrodes. As can be seen, Ru doping 
significantly reduces the potential hysteresis ΔV of Li1-4xRuxFePO4 electrodes due to 
the largely elevated inherent electronic conductivity of the active materials. 
Li0.96Ru0.01FePO4 and Li0.92Ru0.02FePO4
 
have the smallest ΔV of ~195 mV, almost 100 
mV smaller than that of pristine LiFePO4 (293 mV). On the other hand, potential 
hysteresis ΔV of Li0.88Ru0.03FePO4 is ~40 mV higher than that of Li0.96Ru0.01FePO4, 
although its electronic conductivity is even higher than that of Li0.96Ru0.01FePO4. This 
is probably because of the impurity phases in Li0.88Ru0.03FePO4 that impedes the Li
+
 
insertion and extraction on the particle surface. 
Furthermore, all Li1-4xRuxFePO4 electrodes have much higher cathodic and anodic 
peak currents when compared to pristine LiFePO4, indicating faster reaction rates and 
higher realizable capacities. Fig. 3.7 (c) indicates an anodic peak current of 0.45 A g
-1 
and a capacity of 157 mAh g
-1




V. On the other hand, Fig. 3.7 (a) indicates an anodic peak current of only 0.16 A g
-1 
and a capacity of only 74 mAh g
-1




Fig. 3.7 Cyclic voltammetry of pristine LiFePO4 and Li1-4xRuxFePO4 at a 0.1 mV s
-1
. 





3.2.3.2 Electrochemical impedance spectroscopy 
 
Fig. 3.8 Nyquist plots of EIS of LiFePO4 and Li1-4xRuxFePO4 electrodes at fully 
discharged state.  
 
 Fig. 3.8 compares the EIS spectra of the electrodes of pristine LiFePO4 and 
Li1-4xRuxFePO4 (x= 0.005, 0.01, 0.02 and 0.03) at fully discharged states. Prior to EIS 
tests, the half-cells were firstly cycled at 0.2C for 3 cycles, then discharged to 2 V at 
0.1C and finally kept at open circuit for at least 6 h to reach the equilibrium states. As 
can be seen, all Li1-4xRuxFePO4 electrodes have smaller charge transfer resistances 
when compared to pristine LiFePO4. This should be ascribed to the largely enhanced 
electronic conductivity after the RuO2 trace doping. The charge transfer resistance of 
pristine LiFePO4 electrode is 0.17 Ω·g, while the charge transfer resistance of 
Li0.98Ru0.005FePO4 electrode is only 0.08 Ω·g. With the highest electronic conductivity, 
Li0.92Ru0.02FePO4 electrode has the lowest charge transfer resistance of only 0.035 Ω·g. 




increasing electronic conductivity of the active material. The only exception is 
Li0.88Ru0.03FePO4 that has the highest charge transfer resistance among all 
Li1-4xRuxFePO4 electrodes. The large electrochemical charge transfer resistance of 
Li0.88Ru0.03FePO4 may be caused by the poor Li
+
 penetration behavior of the surface 
impurities. Although the bulk electronic conductivity of Li0.88Ru0.03FePO4 is relatively 
high, the surface impurities probably impede the Li
+
 extraction and insertion on the 
surface, resulting in relatively higher charge transfer resistance. This finding is also in 
line with potential hysteresis analysis in the CV spectra. 






Fig. 3.9 Charge-discharge curves of pristine LiFePO4 and Li1-4xRuxFePO4 at 0.1C  
(a) pristine LiFePO4, (b) x=0.005, (c) x=0.01, (d) x=0.02 and (e) x=0.03. 
 
Before the comparison of specific capacity of pristine LiFePO4, it should be noted 
that the theoretical specific capacity of Li1-4xRuxFePO4 decreases with increasing x and 
consequently reducing initial Li
+
 content in the lattice. The theoretical specific capacity 




             Equation 3.1 
where qe is the electron charge, NA is Avogadro constant, x is the designed Ru
4+
 dopant 
level, and Mw is the molecular weight. For example, the theoretical capacity for LiFePO4 
is 170 mAh g
-1
, while it reduces to 163 mAh g
-1




Specific capacities of pristine LiFePO4 and Li1-4xRuxFePO4 are shown in Fig. 3.9. 
As can be seen, all Li1-4xRuxFePO4 (x= 0.005, 0.01, 0.02 and 0.03) samples exhibit 
much higher specific capacities when compared to the pristine LiFePO4. At a 
considerably low current density of 0.1C, the pristine LiFePO4 can only deliver a 
capacity of 117 mAh g
-1
 due to the sluggish electronic conduction. In contrast, 




and 154 mAh g
-1
, approaching the theoretical limits. With improved electronic 
conductivity, more Li
+
 in the lattice can be reversibly removed from Li1-4xRuxFePO4 in 
the electrochemical reaction. 
3.2.3.4 Discharge rate capability 
 
 
Fig. 3.10 Discharge rate capabilities of LiFePO4 and Li1-4xRuxFePO4; 
(a) pristine LiFePO4, (b) x=0.005 and (c) x=0.01. 
 




As can be seen, insulating pristine LiFePO4 shows very poor high rate performances 
even at low current densities. Pristine LiFePO4 delivers only 117 mAh g
-1
 at 0.2C and 
58 mAh g
-1
 at 10C. On the contrary, Li0.96Ru0.01FePO4 and Li0.92Ru0.02FePO4 can still 
deliver capacities of 105 mAh g
-1
 and 120 mAh g
-1
 at 10C, respectively. 
Li1-4xRuxFePO4 has a notably improved discharge rate capability especially at high 
current densities of 10C and 20C. The reduced polarization and electrode resistance as 
described in Sections 3.2.3.1 and 3.2.3.2 should be the main reason for this 
improvement. As a consequence of pronounced impurities, Li0.88Ru0.03FePO4 shows 
relatively worse rate capability when compared to other Li1-4xRuxFePO4 (x = 0.005, 










Fig. 3.11 Fast charge capabilities of LiFePO4 and Li1-4xRuxFePO4; 
(a) pristine LiFePO4, (b) x=0.005, and (c) x=0.01 
 
In addition to the high power output demonstrated above, Li1-4xRuxFePO4 materials 
also exhibit impressive fast charge capabilities, as shown in Fig. 3.11. Upon fast charge 
at 10C, only 56 mAh g
-1 
can be charged for pristine LiFePO4, whereas more than 120 
mAh g
-1
, or ~80% of the specific capacity at 0.2C, can be charged for Li0.98Ru0.005FePO4 
and Li0.96Ru0.01FePO4. The half-cell of Li1-4xRuxFePO4 can be charged to 80% of its full 
capacity in merely 5 min. This fast charge feature of Li1-4xRuxFePO4 is able to fulfill 
the urgent needs in EV/HEVs. 
3.2.3.6 Cycleability 
The charge-discharge cyclic performances of the pristine LiFePO4 and 
Li1-4xRuxFePO4 (x = 0.005 and 0.01) are shown in Fig. 3.12. As can be seen, 
Li1-4xRuxFePO4 materials exhibit excellent capacity retention at various current densities 
from 1C to 20C, while pristine LiFePO4 has shown noticeable capacity fading in the 
first 10 cycles at 1C and 10C. The cyclic performances of the pristine LiFePO4 and 
Li0.96Ru0.01FePO4 were further challenged in the long-term tests of 1000 cycles, as 
shown in Fig. 3.12 (b). Pristine LiFePO4 can only deliver 32 mAh g
-1




while only 14 mAh g
-1
 can be retained after 1000 cycles. On the other hand, 
Li0.96Ru0.01FePO4 can discharge a capacity of 89 mAh g
-1
 in the first cycle, while 84 
mAh g
-1
 capacity can still be retained after 1000 cycles. The capacity loss of 
Li0.96Ru0.01FePO4 after 1000 cycles is as low as 5.6%. This long-term cyclic test 
demonstrates good lattice stability of Li1-4xRuxFePO4 at high current densities and 
repeated cycles. This excellent long-term cyclic performance exceeds the common 
500-cycle requirement in LIB industries.  
 
Fig. 3.12 Cyclic performances of Li1-4xRuxFePO4; (a) at various current densities from 






 doping on M1 site of LiMnPO4 
In recent years, LiMnPO4 is attracting attention owing to its higher potential at ~4 
V. However, the extremely poor electronic conductivity and Jahn-Teller lattice 
distortion make it barely possible to extract lithium ions from LiMnPO4 at a reasonable 
rate. Given the success of Ru
4+
 trace doping on isomorph LiFePO4, the effects of RuO2 
trace doping on the electrochemical performances of LiMnPO4 were explored in this 
Section 3.3. 
3.3.1 Characterization 
Fig. 3.13 shows the XRD spectra of pristine LiMnPO4 and Li0.96Ru0.01MnPO4. As 
can be seen, pristine LiMnPO4 shows a single phase ordered olivine structure similar 
to LiFePO4, with lattice parameters of a = 10.450 Å, b = 6.106 Å, c = 4.746 Å and cell 
volume of 302.9 Å
3
. However, notable reflections from RuO2 and Mn2P2O7 can be 
observed from the XRD spectrum of Li0.96Ru0.01MnPO4, suggesting that the LiMnPO4 
lattice is not able to accommodate Ru
4+
 at all under the present processing conditions. 
The initial cell volume of LiMnPO4 (302.9 Å
3





 with relatively smaller radii (0.62 Å) than the host 
Li
+
 (0.78 Å) may have a lower solubility in LiMnPO4. The lattice deformation of the 





Fig. 3.13 XRD spectra of LiMnPO4 and Li0.96Ru0.01MnPO4 
 
3.3.2 Electrochemical properties 
 
Fig. 3.14 Charge-discharge curves of (a) LiMnPO4 and (b) Li0.96Ru0.01MnPO4 at 0.1C 
 
Fig. 3.14 shows the charge-discharge curves of LiMnPO4 and Li0.96Ru0.01MnPO4 at 
a low current density of 0.1C (16 mA g
-1
). Both LiMnPO4 and Li0.96Ru0.01MnPO4 show 
extremely poor electrochemical activity and very low specific capacity. Similar to the 
previous reports [43], little amount of Li
+
 can be extracted from the lattice of pristine 






corresponding to merely 5% of the Li
+
 in the lattice. Li0.96Ru0.01MnPO4 has a slightly 
higher capacity of about 19 mAh g
-1
, which may be benefited from the residual 
conductive RuO2. In addition to the poor specific capacity, the first cycle columbic 
efficiencies of the two materials are both very low, implying a relatively strong side 
reaction between LiMnPO4 and the electrolyte. Similar to spinel LiMn2O4, Mn
3+
 in 




 doping on M1 site of LiCoPO4 
Ru
4+
 trace doping on olivine LiCoPO4 has been studied in this Section 3.4. 
Olivine LiCoPO4 has a high operation potential of 4.9 V vs. Li
+
/Li, more than 40% 
higher than that of LiFePO4. However, its potential (4.9 V) exceeds the anodic limit of 
most of the developed electrolytes. Nevertheless, the high operation potential may be 
desirable for high power and energy density LIBs in the future after development of 
electrolyte system. 
3.4.1 Characterization 
Fig. 3.15 shows the XRD spectra of Li0.96Ru0.01CoPO4 and LiCoPO4. LiCoPO4 
has lattice parameters of a = 10.204 Å, b = 5.922 Å, c = 4.700 Å and cell volume of 
284.0 Å
3





doping is supposed to be feasible in LiCoPO4 in contrast to the case of LiMnPO4. As 









Fig. 3.15 XRD spectra of LiCoPO4 and Li0.96Ru0.01CoPO4 
 
 Fig. 3.16 shows the Cole-Cole plots of AC impedance spectra of LiCoPO4 and 
Li0.96Ru0.01CoPO4 measured at room temperature. The electrical conductivity of 








, this work) 





, 3 orders higher than that of pristine LiCoPO4. However, the 
absolute value of the electrical conductivity of Li0.96Ru0.01CoPO4 is still 3-4 orders 






Fig. 3.16 AC impedance spectra of LiCoPO4 and Li0.96Ru0.01CoPO4 pellets 
 
3.4.2 Electrochemical properties 
Fig. 3.17 shows charge-discharge curves of LiCoPO4 and Li0.96Ru0.01CoPO4 
cycled at a low current density of 0.1C (16 mA g
-1
). As can be seen, the specific 
capacity of Li0.96Ru0.01CoPO4 is c larger than that of LiCoPO4 due to the improved 
electrical conductivity. Nevertheless, Li0.96Ru0.01CoPO4 can only deliver a specific 
capacity of 38 mAh g
-1
 with a considerably large irreversible capacity loss in the first 
cycle. The first cycle columbic efficiencies of LiCoPO4 and Li0.96Ru0.01CoPO4 are only 
28% and 25% respectively. Moreover, the capacities also decline rapidly in the second 
cycle. The high operation potential of LiCoPO4 and high reactivity of Co
3+
 induce 
severe electrolyte degradation, resulting in the large irrepressible pseudo charge 
capacity and the rapid capacity fading. Since the potential of LiCoPO4 (about 4.9 V vs. 
Li
+
/Li) is far beyond the anodic limit of current electrolyte (~4.5 V) [30], severe 
electrolyte degradation is unavoidable even at room temperature. Hence, the feasibility 








Fig. 3.17 Charge-discharge curves of (a) LiCoPO4 and (b) Li0.96Ru0.01CoPO4 at 0.1C 
 
3.5 Summary 
In summary, LiMPO4 (M = Fe, Mn and Co) doped with trace amount of RuO2 has 
been successfully prepared via solid-state reaction. The effects of RuO2 trace doping 
on crystal structure, conductivity and electrochemical properties were systemically 
investigated. The solubility of Ru dopant on M1 (Li) site of LiFePO4 is probably limited 
to 2 mol% based on XRD analysis. RuO2 trace doping can dramatically raise the 
electronic conductivity by 4-6 orders over the pristine LiFePO4. As a result, a nearly full 
utilization of theoretical capacity can be achieved for Li1-4xRuxFePO4 (x = 0.005, 0.01 
and 0.02). Electronically conductive Li1-4xRuxFePO4 (x = 0.005, 0.01 and 0.02) exhibits 
impressive high power performance and good fast charge capability. Excellent 
long-term cyclic performances for over 1000 cycles at high current densities of 20C 
(3200 mA g
1




technique appears to be suitable for high power and energy densities LIBs in the aspect 
of electrochemical properties. The only unfavorable factor may be the limited 
availability of RuO2, which may lead to 10-20% increase in the cost of raw materials. 
Even though the trace doping technique requires very small amount of expensive RuO2 
dopant, it is still urgent to develop a low cost modification techniques for LiFePO4. 
The current work also found that RuO2 trace doping can barely improve the 
electrochemical performances of LiMnPO4 and LiCoPO4 with the same olivine 
structure. The XRD analysis suggests that LiMnPO4 seems not able to accommodate 
Ru
4+
 at all. On the other hand, although Ru
4+
 can be doped within the lattice of 
LiCoPO4 and the electrical conductivity can be increased by 3 orders after Ru
4+
 doping, 




) of Li0.96Ru0.01CoPO4 is 
still too low. Moreover, the high reactivity between the high potential LiMnPO4 and 
LiCoPO4 electrodes and electrolyte also induces serious electrolyte degradation and 
large irreversible capacity. Consequently, all the pristine and Ru
4+
 doped LiMnPO4 and 
LiCoPO4 exhibit extremely low specific capacity and poor reversibility even at very 
low current density. To overcome this problem, surface modification may be a possible 





4 Mn2+ substitution on M2 site: solid solution of 
olivine LiFe1-xMnxPO4 
As described in Chapter 1, a notable intrinsic drawback of LiFePO4 is the low 
potential (3.4V vs. Li
+
/Li) when compared to oxide cathode materials, for example 
LiCoO2 (>3.7 V) and LiMn2O4 (~4.0 V). On the other hand, olivine LiMnPO4 does have 
a favorable high potential of 4.1 V, however, lithium extraction from LiMnPO4 has been 
proven to be extremely difficult due to extremely poor electronic/ionic conductivities 
and anisotropic Jahn-Teller lattice distortion [43, 45, 48, 49]. Although some notable 
achievements on LiMnPO4 have been made recently through nanosizing and/or 
intensive carbon coating [50-58], the rate capability and cycleability still cannot meet 
the requirements of practical application at this moment. The solid-solution 
LiFe1-xMnxPO4 (0≤ x≤ 1) was investigated in this chapter with M2 site substitution.  
Although RuO2 trace doping can significantly improve the electronic transport and 
electrochemical performance of LiFePO4, it has little effects on LiMnPO4. In fact, there 
are also no reports on successful doping of other supervalent metal ions in LiMnPO4 or 
LiFe1-xMnxPO4 so far. Conductive coating technology has been developed to overcome 
the poor electronic conductivity in this chapter. In addition, the surface coating may 
also protect the particle surface of LiMnPO4 from HF etching. In addition, nano-sizing 
is also necessary to reduce stress-strain in bulk particle and to reduce the pathway of 




4.1 Material preparation 
A facile modified solid-state reaction, namely liquid polymer-assisted mechanical 
activation (PAMA), has been proposed for the first time in the synthesis of Mn based 
olivine materials. This method was firstly developed by Arrebola et al. to synthesize 80 
nm LiNi0.5Mn1.5O4 nanoparticles using polyethyleneglycol (PEG 400) as a “sacrificial 
template” [151]. However, in this work, the liquid polymer act not only as dispersion 
medium in mechanical activation, but also as in-situ sources of carbon coating. The 
long chains of liquid polymer can wrap and separate the nanoparticles from welding 
and clustering during the rigid mechanical activation, while their pyrolysis products 
can further restrict unfavorable grain growth and coarsening during calcination. This 
synthesis approach will be examined and characterized with carbon coated 
LiFe0.25Mn0.75PO4 in Section 4.2. Then, the influences of Mn content on 
electrochemical properties of LiFe1-xMnxPO4 will be subsequently studied in Section 
4.3 to explore the effects of Mn content and the optimized composition. 
Considering the advantages of long polymer chain, polypropylene glycol (PPG 
2000) was also adopted as the assistant agents in addition to the PEG 400 proposed by 
Arrebola et al.[151]. LiFe1-xMnxPO4/C (0 ≤ x ≤ 1) composites were synthesized via a 
modified mechanical activation with assistance of liquid polymer. Stoichiometric 
amounts of LiAC (99%, Sigma-Aldrich), Mn(AC)2·4H2O (99%, Sigma-Aldrich), 
FeC2O4·2H2O (99%, Sigma-Aldrich) and NH4H2PO4 (99%, Arcos) were mechanical 




of 400 rpm for 2 h using planetary mill Retsch PM-100. The milled viscous slurry was 
directly calcinated at 600 ºC for 10 h in flowing argon. The as prepared 
LiFe1-xMnxPO4/C (0 ≤ x ≤ 1) composites were denoted with the carbon source, for 
example, PPG-LiFePO4. As a comparison, pristine LiMn0.75Fe0.25PO4 was synthesized 
via a similar processing, except that the liquid polymer was replaced by the 
conventional ethanol.  
4.2 LiFe0.25Mn0.75PO4/C synthesized via polymer-assisted 
mechanical activation 
The effectiveness of the PAMA method in the synthesis of LiMn1-xFexPO4/C 
nanocomposite was evaluated first. It is believed that Mn has a much weaker catalytic 
activity for carbonization when compared to Fe [152], thus leading to poor carbon 
coating on LiMnPO4 and Mn rich LiMPO4. Therefore, this work started with Mn rich 
LiMn0.75Fe0.25PO4 and the relatively active LiFePO4 to examine the function of the 
liquid polymers as effective carbon sources. 
4.2.1 Characterization 
4.2.1.1 Crystal structure 
As shown in Fig. 4.1, pristine LiFe0.25Mn0.75PO4, PEG-LiFe0.25Mn0.75PO4 and 
PPG-LiFe0.25Mn0.75PO4 are all in ordered olivine structure of Pnma space group. The 
reflection peaks of all these LiFe0.25Mn0.75PO4 materials shift notably to the small angle 








 in the olivine lattice. The lattice parameters of the LiMn0.75Fe0.25PO4 materials 
were calculated to be a = 10.428 Å, b = 6.082 Å and c = 4.733 Å, corresponding to a 
unit cell volume of 300.2 Å
3
, in good agreement with previous reports [43]. 
 
 




Fig. 4.2 compares the micro-morphology and particle sizes of the 
LiFe0.25Mn0.75PO4 materials synthesized with and without the assistance of liquid 
polymer. SEM observations show that PEG-LiFe0.25Mn0.75PO4 and 
PPG-LiFe0.25Mn0.75PO4 have notably smaller particle sizes when compared to the 
pristine LiFe0.25Mn0.75PO4. For instance, PPG-LiFe0.25Mn0.75PO4 has a uniform particle 
size of ~50 nm, while the pristine LiMn0.75Fe0.25PO4 has an inhomogeneous particle 




also clearly reveals the disperse particles of ~50 nm for the PPG-LiFe0.25Mn0.75PO4, 
while the particles of PEG-LiFe0.25Mn0.75PO4 appear to be more agglomerated. 
As shown in Fig. 4.2 (e) and (g), the morphology of carbon coatings was further 
observed using high resolution TEM. Crystallized LiFe0.25Mn0.75PO4 particles were 
well wrapped by uniform and thin carbon layer for both materials synthesized with 
assistance of polymer. The carbon layer is ~5 nm thick for PEG-LiFe0.25Mn0.75PO4, 
whereas it is only 1-2 nm thick for PPG- LiFe0.25Mn0.75PO4 with less carbon content. 
 
Fig. 4.2 SEM images of (a) pristine LiFe0.25Mn0.75PO4 (b) PEG- LiFe0.25Mn0.75PO4 (c) 
PPG-LiFe0.25Mn0.75PO4; TEM images of (d) and (e) PEG-LiFe0.25Mn0.75PO4, (f) and (g) 
PPG-LiFe0.25Mn0.75PO4 
 
4.2.1.3 Raman spectroscopy 
Residual carbon in PEG-LiFe0.25Mn0.75PO4 and PPG-LiFe0.25Mn0.75PO4 should 
exist in amorphous form, thus no carbon phases can be identified from the XRD 
spectra. Carbon contents in these materials synthesized via PAMA were determined 




for PEG-LiFe0.25Mn0.75PO4, while residual carbon content resulted from PPG was 
estimated to be 1.8 wt% for PPG-LiFe0.25Mn0.75PO4. Even though the starting 
amounts of PEG and PPG were almost the same, PEG apparently produced more 
carbon upon pyrolysis than PPG did. As a comparison, the carbon content in the 
sucrose-LiFePO4 is about 4.6 wt%. 
 
 
Fig. 4.3 Raman spectra of carbon resulted from different carbon sources; 
(a) bare (b) sucrose (c) PEG and (d) PPG 
 
Fig. 4.3 shows the Raman spectra of carbon coating resulted from different carbon 
sources. The peaks over the range of 900 -1100 cm
-1
 should be attributed to the 
intermolecular stretching of PO4
3-
. Two peaks over the range of 1200-1800 cm
-1 
are 
attributed to carbon layers. The peak at around 1360 cm
-1






 disordered carbon, while the other peak at around 1680 cm
-1
, namely G-band, 
is attributed to the sp
2
 graphite carbon. Bared LiFePO4 exhibits no signal of D-band or 
G-band in the Raman spectrum, indicating almost no residual carbon. Both D-band and 
G-band can be found in Raman spectra of all the carbon-coated materials, confirming 
that all the carbon coatings are in amorphous form. As described in Chapter 2, the peak 
intensity ratio of ID/IG implies the graphitic level of amorphous carbon. As shown in 
previous reports, the lower ratio of ID/IG normally indicates the higher graphitic level 
and therefore the higher electrical conductivity [50, 153]. Ratios of ID/IG of carbon 
resulted from sucrose, PEG and PPG are 0.94, 0.96 and 0.79, respectively. Carbon 
resulted from PPG has the lowest ID/IG ratio, which may give the highest electronic 
conductivity [154]. Moreover, the peaks of PO4
3-
 of PPG-LiFe0.25Mn0.75PO4 are barely 
detectable compared to other materials. This suggests that the carbon coating 
PPG-LiFe0.25Mn0.75PO4 is uniform to resist laser penetration in the Raman 
spectroscopy tests. 
4.2.2 Electrochemical properties 






Fig. 4.4 Cyclic voltammetry of (a) LiFe0.25Mn0.75PO4, (b) PEG-LiFe0.25Mn0.75PO4 and 
(c) PPG-LiFe0.25Mn0.75PO4 
 









. Fig. 4.4 shows CV profiles of pristine LiFe0.25Mn0.75PO4, 




 redox is located at 




 redox is located at ~4.0 V. The CV curve of pristine 




 redox when 




 redox, even though the Mn content triples Fe content. 
This suggests that most of the Mn in pristine LiFe0.25Mn0.75PO4 has not been activated 
due to the poor electronic/ionic conductivity and relatively larger particle size. The 




 redox couple of both PEG-LiFe0.25Mn0.75PO4 and 
PPG-LiFe0.25Mn0.75PO4 are much stronger than that of LiFe0.25Mn0.75PO4. For instance, 
the peak current of anodic reaction of Mn
2+Mn3+ is only 0.014 A g-1 for pristine 
LiFe0.25Mn0.75PO4 in comparison of 0.15 A g
-1
 for PPG-LiFe0.25Mn0.75PO4. 








 redox of pristine 
LiFe0.25Mn0.75PO4 are 556 mV and 337 mV, respectively. It can be found that the 








than that of pristine LiFePO4 (Chapter 3). This increased polarization should be caused 




. Owing to the uniform carbon coating and 




 redox has 
been significantly reduced to 443 mV for PEG-LiFe0.25Mn0.75PO4 and 410 mV for 




 redox has been reduced to 
256 mV for PEG-LiFe0.25Mn0.75PO4 and 164 mV for PPG-LiFe0.25Mn0.75PO4. Although 
the carbon content in PPG-LiFe0.25Mn0.75PO4 is considerably lower than that in 
PEG-LiFe0.25Mn0.75PO4, PPG-LiFe0.25Mn0.75PO4 electrode still shows considerable 








 redox couples. As indicated in 
Raman spectra, the carbon coating resulted from PPG has a higher graphitic level and 
a lower degree of sp
3
 disorder, benefiting the electronic conduction in 
PPG-LiFe0.25Mn0.75PO4 electrode. 






Fig. 4.5 Charge-discharge curves of (a) LiFe0.25Mn0.75PO4, (b) PEG-LiFe0.25Mn0.75PO4 
and (c) PPG-LiFe0.25Mn0.75PO4 
 
 Fig. 4.5 shows the charge-discharge curves of pristine and PAMA synthesized 





, the half-cells were then further charged at a constant voltage 
mode until that current fell below 0.02C. As can be seen, PEG-LiFe0.25Mn0.75PO4 and 
PPG-LiFe0.25Mn0.75PO4 have significantly higher specific capacities than that of 
pristine LiFe0.25Mn0.75PO4. Although pristine LiFe0.25Mn0.75PO4 has a much higher 





is still very low. Moreover, the capacity loss and abnormal voltage 
plateau in the first charge cycle indicate a strong passivation process between electrode 
and electrolyte, resulting in a low coulombic efficiency of only 61%. With efficient 
carbon coating, the specific capacities of PEG-LiFe0.25Mn0.75PO4 and 
PPG-LiFe0.25Mn0.75PO4 are remarkably increased to 117 mAh g
-1
 and 154 mAh g
-1
, 
respectively. The first cycle coulombic efficiencies of the PEG-LiFe0.25Mn0.75PO4 and 
PPG-LiFe0.25Mn0.75PO4 are 82% and 87% respectively, much higher than that of the 




alleviated due to the protection layer of carbon.   
4.2.2.3 Rate capability 
 
 
Fig. 4.6 Discharge rate capabilities of (a) LiFe0.25Mn0.75PO4, (b) 
PEG-LiFe0.25Mn0.75PO4 and (c) PPG-LiFe0.25Mn0.75PO4 
 
Fig. 4.6 compares discharge rate capabilities of pristine LiMn0.75Fe0.25PO4, 
PEG-LiMn0.75Fe0.25PO4 and PPG-LiMn0.75Fe0.25PO4. As expected, pristine 
LiMn0.75Fe0.25PO4 shows an extremely poor discharge rate capability. Only 49% of the 
specific capacity can be retained at 1C for pristine LiMn0.75Fe0.25PO4. On the other 
hand, PPG-LiMn0.75Fe0.25PO4 can deliver a high capacity of 141 mAh g
-1
 at 1C, 
corresponding to 94% of the specific capacity. At high current rates, discharge 
capacities of PPG-LiMn0.75Fe0.25PO4 can still reach 117 mAh g
-1
 at 10C and 87 mAh 
g
-1




Mn rich LiFe1-xMnxPO4 compositions with only 2 wt% of residual carbon. Moreover, 
the simple and facile synthesis route of PAMA also exhibit crucial advantages in mass 
production over the other synthetic routes [62].  
It is interesting to note that PPG-LiMn0.75Fe0.25PO4 with less residual carbon 
shows a notably larger specific capacity and better discharge rate capability over 
PEG-LiMn0.75Fe0.25PO4. This may be caused by two reasons. Firstly, the carbon 
coating resulted from PPG has a higher graphitic level and a lower degree of sp
3
 
disorder, leading to a better electronic conduction. Secondly, the thinner carbon layer 
and the milder particle agglomeration of PPG-LiMn0.75Fe0.25PO4 are friendlier to 
electrolyte infiltration. 
4.2.2.4 Cycleability 
Fig. 4.7 compares the cyclic performances of LiFe0.25Mn0.75PO4, 
PEG-LiFe0.25Mn0.75PO4 and PPG-LiFe0.25Mn0.75PO4. PPG-LiFe0.25Mn0.75PO4 was 
cycled at 10C with constant voltage charge for 5 min in each cycle, whereas pristine 
LiFe0.25Mn0.75PO4 and PEG-LiFe0.25Mn0.75PO4 were cycled at 1C with constant voltage 
charge for 30 min, since they cannot deliver reasonable capacity at 10C. Nevertheless, 
PPG-LiFe0.25Mn0.75PO4 still has a much higher initial capacity at 10C than the pristine 
LiFe0.25Mn0.75PO4 and PEG-LiFe0.25Mn0.75PO4 at 1C. Moreover, the 
PPG-LiFe0.25Mn0.75PO4 also exhibits a better cycleability. Due to the high reactivity of 
Mn
3+
 with electrolyte at high potential, only about 20% and 50% of the maximum 




LiFe0.25Mn0.75PO4. On the other hand, 73% of the maximum capacity can be retained 
after 500 cycles for PPG-LiFe0.25Mn0.75PO4, which surpass the cycleability of similar 
materials reported in literature [64, 66]. It is clear that the uniform carbon coating of 
PPG-LiFe0.25Mn0.75PO4 can effectively protect the particle surface from electrolyte 
degradation. Even though, carbon coated LiFe0.25Mn0.75PO4 still shows much 
pronounced capacity fading when compared to LiFePO4. The effects of the Mn content 
x on the cyclability of LiFe1-xMnxPO4 will be further characterized in Section 4.3.  
The cause of the inferior cycleability of PEG-LiFe0.25Mn0.75PO4 may be the 
highly sp
3
 disordered carbon resulted from PEG. Highly sp
3
 disordered pyrolysis 
carbon often contain large amount of hydrogen bond from its organic precursor. These 
hydrogen atoms may react with the electrolyte and may produce acidic HF, which may 
severely damage the durability of the cell. 
 
Fig. 4.7 Cycleability of the pristine and carbon coated LiFe0.25Mn0.75PO40F0F0F
*
 
                                                 
* PPG- LiFe0.25Mn0.75PO4 cycled at 10C, while pristine LiFe0.25Mn0.75PO4, PEG-LiFe0.25Mn0.75PO4 cycled at 1C due 




4.3 Effects of Mn content in PPG-LiFe1-xMnxPO4 
Carbon coated LiFe0.25Mn0.75PO4 synthesized PAMA have shown impressive 
electrochemical properties as described in Section 4.2. The effects of Mn content x on 
the structural and electrochemical properties of PPG-LiFe1-xMnxPO4 will be further 
studied in this section. Although high Mn content offers a higher overall potential, the 




redox may result in poor realizable 
capacity, large polarization, low reaction rates and high reactivitty with electrolyte. 
Therefore, it is essential to find out the optimum x value with the comprehensive 
considerations of specific capacity, power density, energy density, fast charge 
capability and cycleability.  
4.3.1 Characterization 
4.3.1.1 Crystal structure 
 





Fig. 4.8 shows the XRD spectra of PPG-LiFe1-xMnxPO4 synthesized via PAMA 
method. As can be seen, all the PPG-LiFe1-xMnxPO4 materials have the ordered olivine 
structure of Pnma space group over the compositional range of 0 ≤ x ≤ 1, without any 
visible impurities. This indicates that single phase solid-solution of LiFe1-xMnxPO4 can 
be achieved with arbitrary proportions between Fe and Mn. All the reflection peaks of 
LiFe1-xMnxPO4 are notably shifted to the small angle direction with increasing x. Fig. 
4.9 shows an example of the reflection peak from (311) planes with highest intensity 
among all reflections. As can be seen, peak (311) evidently shifts to smaller angle 
proportionally with increasing x. According to Bragg’s diffraction equation, the 
inter-plane spacing of the LiFe1-xMnxPO4 lattice increase with increasing x. Therefore, 
the variation of lattice constants of LiFe1-xMnxPO4 with x can also be calculated based 
on Bragg’s diffraction equation. 
 
 





  Fig. 4.10 shows the variation of lattice parameters and unit cell volume of the 
PPG-LiFe1-xMnxPO4 with different Mn content x. Lattice constants of a, b and c increase 
proportionally with x from 0 to 1, which agrees well with Vegard's law. This once again 
demonstrates that Fe and Mn are in solid-solution state on M2 site of olivine LiMPO4 
with arbitrary proportion. Lattice constants a, b and c of LiMnPO4 are respectively 
~1.3%, ~1.6% and ~1.1% longer than those of LiFePO4. The cell volume of LiMnPO4 
is ~4% larger than that of LiFePO4. This expansion in unit cell is in good agreement 
with literatures [43, 48, 49], due to the larger effective ionic radius of Mn
2+
 (0.83 Å 
[146]) when compared to Fe
2+
 (0.78 Å [146]) in octahedral M2 site. In an ideal 
condition, each Mn atom can have four Fe atoms as all the nearest neighbors in 
LiFe0.5Mn0.5PO4 and LiFe0.75Mn0.25PO4, while each Mn atom have two Fe atoms as the 
nearest neighbors in LiFe0.25Mn0.75PO4. 
 





Mean crystallite size of the PPG-LiFe1-xMnxPO4 was estimated using Scherrer 
equation (Equation 2.1) based on XRD peak broadening. Table. 4.1 summarizes the 
lattice constants and the estimated crystalline size of PPG-LiFe1-xMnxPO4 with x = 0, 
0.25, 0.5, 0.75 and 1. PPG-LiFe0.5Mn0.5PO4 has the smallest mean crystallite size of 56 
nm, while PPG-LiFePO4 has the largest average crystallites size of 68 nm. The small 
differences in crystallite size may be resulted from the proportions of raw materials of 
Fe and Mn salts. However, mean crystallite sizes of PPG-LiFe1-xMnxPO4 materials are 
generally very close to each other. Therefore, the particle size effects on the discussion 
of electrochemical properties can be neglected here. 
 
Table 4.1 Lattice constants, mean crystallite sizes and carbon contents of PPG-LiMn1-xFexPO4 
Composition a (Å) b (Å) c (Å) V (Å
3
) Grain size (nm) Carbon content 
x = 1 10.326 6.009 4.695 291.3 68 2.2 wt% 
x = 0.75 10.363 6.032 4.708 294.3 64 2.1 wt% 
x = 0.5 10.402 6.050 4.721 297.1 56 1.6 wt% 
x = 0.25 10.428 6.082 4.733 300.2 62 1.8 wt% 









Fig. 4.11 SEM images of PPG-LiFe1-xMnxPO4 with (a) x = 0, (b) x = 0.25, (c) x = 0.5, 
(d) x = 0.75 and (e) x = 1 
 
 Fig. 4.11 shows the SEM images of PPG-LiFe1-xMnxPO4. The primary particle size 
of PPG-LiFe1-xMnxPO4 is generally about 50 nm, which agrees well with the crystallite 
size estimation from XRD analysis. The small primary particles are agglomerated in the 







PPG-LiFe1-xMnxPO4 was further characterized using high-resolution TEM as shown in 
Fig. 4.12. The primary particles are well wrapped by a very uniform thin layer of 
amorphous carbon, leading to desirable electronic transport in the electrode, where the 
electrons can be delivered to any surface point of nanoparticles. The primary particles 
are also well separated from each other by the thin carbon coatings. Hence, the specific 
active contact area between the electrolyte and PPG-LiFe1-xMnxPO4 electrode is 











4.3.2 Electrochemical properties 
4.3.2.1 Cyclic voltammetry 








 redox reactions of 
PPG-LiFe1-xMnxPO4 were studied using cyclic voltammetry. The potential hysteresis 








 redox couples are 




 redox couple, ΔV1 remains almost 





redox couple, ΔV2 increases dramatically with increasing Mn content or x in 





 redox couple is significantly reduced with Fe substitution. 
ΔV2 of LiFe0.25Mn0.75PO4 is reduced to 410 mV, while ΔV2 of LiFe0.5Mn0.5PO4 is further 
reduced to 270 mV, demonstrating that the Fe-O-Mn super-exchange interaction can 




 [43, 49]. LiFe0.75Mn0.25PO4 has the 










redox couple even with Mn all surrounded by Fe atoms. In addition to the reduction of 
strong polarization in LiMnPO4, the Fe substitution of Mn also significantly increases 
the peak current, leading to much higher realizable capacity. Hence, it can be concluded 









Fig. 4.13 Cyclic voltammetry of PPG-LiFe1-xMnxPO4 with (a) x = 0, (b) x = 0.25, (c) x 




Another interesting finding in the CV analyses is the positions of cathodic and 








 in PPG-LiFe1-xMnxPO4 shift apparently to 




 is 3.426 V, 3.470 V, 





 of LiFe0.75Mn0.25PO4 are at 3.457 V/3.621 V, while those of LiFePO4 are 3.345 












 is 3.985 V, 4.014 V, 
4.021 V and 4.168 V, which also increases with the Mn content x. The increase of 
redox center should be ascribed to the lattice expansion as described in Section 4.3.1.1. 
The M-O (M = Fe and Mn) bond length in LiFe1-xMnxPO4 increase with Mn content x, 








 redox couples in 
the olivine lattice. 





Fig. 4.14 Charge-discharge curves of PPG-LiFe1-xMnxPO4 at 0.1C with (a) x = 0, (b) x 
= 0.25, (c) x = 0.5, (d) x = 0.75 and (e) x = 1 
 
Fig. 4.14 shows charge-discharge curves of PPG-LiFe1-xMnxPO4 (x = 0, 0.25, 0.5, 
0.75 and 1) at 0.1C. To achieve higher attainable capacity, all the PPG-LiFe1-xMnxPO4 
half-cells were charged following a CCCV protocol with a low charge rate of 0.1C and 
constant voltage charge to 0.02 C. The attainable capacity of PPG-LiMnPO4 is 
considerably higher than that of pristine LiMnPO4 as described in Chapter 2 owing to 
the conductive coating and nano-sizing effects. Nevertheless, the reversible specific 
capacity of PPG-LiMnPO4 is only 78 mAh g
-1
. PPG-LiMnPO4 also shows a poor 
reversibility with a low coulombic efficiency of 61% in the first cycle, implying a 
strong side reaction of electrolyte. This sluggish electrochemical activity is due to the 
inherently poor electronic/ionic transport and Jahn-Teller lattice distortion of  
LiMnPO4 [43, 49]. With the effective conductive coating and nano-sizing of PAMA, 
all the PPG-LiFe1-xMnxPO4 (x = 0, 0.25, 0.5 and 0.75) materials containing Fe show 
high specific capacity > 150 mAh g
-1
 at low current density of 0.1C. The 4 V voltage 




 redox couple stretches longer with the Mn content x, 
leading to higher overall voltage. The results of specific capacity clearly indicate that 




 in olivine lattice and 




4.3.2.3 Discharge rate capability 
 
 
Fig. 4.15 Discharge rate capability of PPG-LiFe1-xMnxPO4 with (a) x = 0, (b) x = 0.25, 
(c) x = 0.5, (d) x = 0.75 and (e) x = 1 
 
Fig. 4.15 shows the discharge rate capability of PPG-LiFe1-xMnxPO4. To achieve the 
same starting point of the fully charged states, all the PPG-LiFe1-xMnxPO4 half-cells 
were charged following a CCCV protocol with a low charge rate of 0.2C and constant 
voltage charge to 0.02 C. As can be seen, PPG-LiFePO4 shows impressive discharge 




they were fabricated and processed identically. The specific capacity of PPG-LiMnPO4 
is only 57 mAh g
-1
, around 1/3 of its theoretical capacity. The realizable capacity gets 
even worse at high current densities. For example, discharge capacity of PPG-LiMnPO4 
at 10C is only 5 mAh g
-1
. It should be noted that the specific capacity of PPG-LiMnPO4 
is far larger than those of pristine LiMnPO4 and Li0.96Ru0.01MnPO4 in Chapter 3, 
indicating the effectiveness of carbon coating. With Mn partially substituted by Fe, 
PPG-LiFe1-xMnxPO4 (0.25 ≤ x ≤ 0.75) also shows good capacity retention at high current 
densities, similar to PPG-LiFePO4. The capacity retention of PPG-LiFe1-xMnxPO4 at 
various current densities seems to be almost the same with PPG-LiFe1-xMnxPO4 with 
0.25 ≤ x ≤ 0.75. This indicates that Mn content in PPG-LiFe1-xMnxPO4 in the range of 0 
≤ x ≤ 0.75 barely affects the realizable capacity even at high discharge current densities. 
PPG-LiFe1-xMnxPO4 tends to have a higher overall potential with higher Mn content 
x, leading to higher energy and power density at the same current density. The energy 
and power densities of the PPG-LiFe1-xMnxPO4 at various current densities are 
compared in Fig. 4.16. As can be seen, PPG-LiFe0.5Mn0.5PO4 and 
PPG-LiFe0.25Mn0.75PO4 exhibit noticeably higher power and energy densities than 
PPG-LiFePO4 does at almost every current rate. At a low current rate of 0.2C, 
PPG-LiFe0.25Mn0.75PO4 provides energy density of 563 Wh Kg
-1
 compared to 506 Wh 
Kg
-1
 of PPG-LiFePO4. At a high current rate of 5C, the energy and power density of the 
PPG-LiFe0.25Mn0.75PO4 are 10.8% and 10.6% higher than that of the PPG-LiFePO4, 




energy and power density when the discharge current rate exceeds 10C. The energy 
density of the PPG-LiFe0.25Mn0.75PO4 even falls below that of the PPG-LiFePO4 at 20C, 
although their absolute discharge capacities are very close to each other. This 
phenomenon can be ascribed to the large polarization of PPG-LiFe0.25Mn0.75PO4 at high 
current densities as shown in Fig. 4.15. Due to the relatively low practical operation 
voltage at high current rates, the practical power and energy densities of 
PPG-LiFe0.75Mn0.25PO4 are significantly limited. As discussed the CV tests of 
PPG-LiFe0.5Mn0.5PO4, electrode polarizations and reaction resistances of 
PPG-LiFe0.25Mn0.75PO4 are much larger when compared to PPG-LiFe0.75Mn0.25PO4 and 
PPG-LiFe0.5Mn0.5PO4 due to the high content of inactive Mn.  
 
Fig. 4.16 Power and energy density comparison of PPG-LiFe1-xMnxPO4 (x=0, 0.5 and 
0.75)  
 
4.3.2.4 Fast charge capability 




current charge as shown in Fig. 4.17. All the PPG-LiFe1-xMnxPO4 half-cells were 
charged at various current rates without prolonged constant voltage charge. As can be 
seen, the fast charge capability of the PPG-LiFe1-xMnxPO4 generally subsides with 
increasing Mn content x. PPG-LiFePO4 exhibits superior fast charge capability. The 
PPG-LiFePO4 can be charged to ~90% state of charge (SOC) at 10C. At the other 
extreme, the charge rate capability of PPG-LiMnPO4 is extremely poor. Even at a low 
current rate of 0.2C, only 32 mAh g
-1
 can be charged for PPG-LiMnPO4. As for 




 decreases mildly with increasing 




 drops dramatically with increasing 
current rate. Therefore, charge capacities of PPG-LiFe1-xMnxPO4 are mainly limited by 




. On the other hand, PPG-LiFe0.25Mn0.75PO4 can 
discharge 117 mAh g
-1
 at 10C, whereas 33 mAh g
-1
 can be charged at the same current 
density. This indicates that the Li
+
 extraction from olivine LiFe1-xMnxPO4 seems to be 








Fig. 4.17 Fast charge capability of PPG-LiFe1-xMnxPO4 (x=0, 0.25, 0.5 and 0.75) 
 
4.3.2.5 Cycleability 
Fig. 4.18 shows the cyclic performances of the PPG-LiFe1-xMnxPO4 cycled at 10C. 
To achieve higher charge capacities, the PPG-LiFe1-xMnxPO4 half-cells were charged 
using a CCCV mode, i. e. constant current charge at 10C followed by a constant voltage 
charge for 5 min. The PPG-LiMnPO4 is not included in the long-term cyclic tests since 




comparison. Due to disparity in fast charge capability, the initial capacity of the 
PPG-LiFe1-xMnxPO4 in the cyclic tests generally decreases with increasing Mn content x. 
PPG-LiFePO4 has the highest initial capacity of 125 mAh g
-1
 and also the best cyclic 
performances. A capacity of 111 mAh g
-1
, 89% of the initial capacity, can be retained 
after 500 cycles. Despite of the differences in initial capacities, the capacity retention 
ratio of the PPG-LiFe1-xMnxPO4 also evidently decreases with increasing Mn content x. 
After 500 cycles, 84%, 81% and 73% of the initial capacity can be retained for 
PPG-LiFe0.75Mn0.25PO4, PPG-LiFe0.5Mn0.5PO4 and PPG-LiFe0.25Mn0.75PO4, 
respectively. The cause of the capacity fading is believed to be Mn dissolution in 
electrolyte [51, 61]. Fe substitution can stabilize the crystal structure and reduces the 
number of Mn atoms exposed to the electrolyte. 
 






In summary, a facile polymer-assisted mechanical activation was proposed to 
synthesize electrochemical active LiFe1-xMnxPO4/C composites. The LiFe1-xMnxPO4/C 
composites synthesized with assistance of PPG have uniformly fine particle size of 
~60 nm and thin carbon coating of 1-2 nm, leading to greatly improved 
electrochemical properties. The effects of Mn content on electrochemical properties of 
PPG-LiFe1-xMnxPO4 were thoroughly studied in this chapter. The existence of Fe-O-Mn 




 reaction, whereas Mn 
content in PPG-LiFe1-xMnxPO4 increased the overall voltage, but also increased the 




 reaction. It seems that Mn content had little effects on 
the Li
+
 insertion process with x ≤ 0.75 after effective carbon coating. 
PPG-LiFe1-xMnxPO4 with x ≤ 0.75 exhibited very good discharge rate capability and 
thus high energy/power density. Energy density of the PPG-LiFe1-xMnxPO4 is ~12% 
higher than that of LiFePO4 at a low current density of 0.2C. On the other hand, Mn 
content drastically affects the Li
+
 extraction process of LiFe1-xMnxPO4. Fast charge 
capability of PPG-LiFe1-xMnxPO4 evidently decreases with increasing Mn content. With 
high Mn content, PPG-LiFe0.25Mn0.75PO4 showed an inferior fast charge rate capability. 
Moreover, high Mn content also resulted in relatively worse cyclic performances. In 
considering the energy/power density, fast charge capability and cycleability, the 
PPG-LiFe0.5Mn0.5PO4 may the best candidate among these LiFe1-xMnxPO4 materials for 




5 High potential tavorite LiVPO4F: a high 
performance alternative 
As indicated in Chapter 4, the fast charge capability of the “4 V” LiFe0.25Mn0.75PO4 
is not very encouraging, although the discharge rate capability and power density are 
very promising for large-scale applications. In this chapter, a high performance “4 V” 
cathode material tavorite LiVPO4F has been studied as a potential alternative to the 
olivine LiMPO4 (M = Fe, Mn etc.). Carbon coated LiVPO4F exhibits amazing 
discharge-charge rate capability and good cyclic performance. Furthermore, some 
essential but still uncertain properties such as conductivities, ionic diffusion coefficients 
and Li
+
 extraction/insertion mechanisms of this tavorite LiVPO4F material have also 
been studied for the first time. 
5.1 Materials preparation 
Carbon free LiVPO4F was synthesized via a two-step solid-state reaction with 
hydrogen thermal reduction (HTR). Raw materials of vanadium oxide (V2O5, 99%) and 
ammonium dihydrogen phosphate (NH4H2PO4, 99%) were milled for 2 h without any 




 was achieved by heating the powder mixture at 700 
ºC in flowing forming gas (5 vol% hydrogen in argon). The pre-calcinated powder was 
then milled again with 2 mol% excessive lithium fluoride (LiF, 99%) for 15 min. Grey 
green colored pellets were finally obtained after a second calcination at 700 ºC in argon 




LiVPO4F/C composite was synthesized via a two-step solid-state reaction with 
carbon thermal reduction (CTR). First, raw materials of V2O5, NH4H2PO4 and acetylene 
carbon black were ball milled for 2 h using SPEX-8000M high-energy milling machine. 
Stainless steel jar and balls were used with a small amount of stearic acid as processing 
control agent to improve the milling efficiency. The mixed powder was calcinated at 700 
ºC for 12 hours with flowing argon to obtain precursor of VPO4/C. Black LiVPO4F/C 
powder was finally obtained after a second calcination at 700 ºC in flowing argon.  
5.2 Characterization 
5.2.1 Crystal structure 
Fig. 5.1(a) shows the XRD spectra and Rietveld refinement of LiVPO4F/C and 
LiVPO4F. The two materials have similar diffraction patterns of P-1 triclinic phase. The 
excessive LiF added in the milling process compensated for the loss of fluorine and 
lithium during calcination, which successfully prevented common Li3V2(PO4)3 impurity 
reported before [123, 124]. Rietveld refinement was carried out using GSAS+EXPGUI 
[155, 156] to further identify the crystal structure. Starting crystal structure in the 
refinement was set as isomorph LiFePO4F based on references [157]. The refined 
pattern fitted very well with the crystal structure of amblygonite LiAlPO4F and tavorite 
LiFePO4(OH). The refined crystal structure of LiVPO4F/C and LiVPO4F are almost 
identical. Refined crystal constants shown in Table 5.1 agree well with previous reports 




With cell volume of 174.6 Å
3
, theoretical density of LiVPO4F is only 2.92 g cm
-3
, lower 
than that of LiFePO4 (3.6 g cm
-3








Fig. 5.1 (a) XRD spectra and Rietveld refinement of LiVPO4F, and (b) schematic of 
crystal structure of LiVPO4F. 
 





in zigzag chains. The zigzag chains of VO4F2 octahedron are further 









locate in severely disordered octahedrons and are split into two sites similar to the case 
of amblygonite LiAlPO4F. The most likely lithium migration tunnels lie along [001] and 
[100] with consideration of migration length and tunnel width. Li
+
 transport in LiVPO4F 
lattice is expected to be easier than that in olivine structured LiMPO4 (M= Fe, Mn, etc.) 
with only one favorable migration tunnel. Transitional metal V
3+
 ions are separated 
either by corner sharing electronegative F
- 
or covalent-bonded PO4 tetrahedrons, 
therefore hopping conduction between V-V may be relatively weak, resulting in a poor 
electronic transport property. 
Table 5.1 XRD Rietveld refinement results and atomic parameters of LiVPO4F 
LiVPO4F-HTR a = 5.3115(2) Å 
b = 7.2617(2) Å 
c = 5.1744(2) Å 
α=107.934(3) °  
β = 98.444(3) ° 
γ = 107.547(3) ° 
V=174.62 Å
3
 Rwp =10.06%  




LiVPO4F/C-CTR a = 5.3104(3) Å 
b = 7.2636(4) Å 
c =5.1731(3) Å 
α =107.950(5) °  
β = 98.404(4) ° 
γ = 107.573(4) ° 
V=174.56 Å
3
 Rwp =11.37%  




atom x y z Occupancy Uiso 
Li1 0.625(7) 0.301(7) 0.250(9) 0.5 0.019 
Li2 0.612(6) 0.211(6) 0.266(7) 0.5 0.019 
V1 0 1/2 0 1 0.025(2) 
V2 0 0 0 1 0.019(2) 
P 0.6495(10) 0.7532(10) 0.3283(11) 1 0.015(1) 
O1 0.6655(15) 0.8534(16) 0.1055(21) 1 0.025(3) 
O2 0.3613(21) 0.6406(14) 0.3175(19) 1 0.016(2) 
O3 0.7985(18) 0.5978(15) 0.2645(17) 1 0.020(3) 
O4 0.2407(17) 0.0966(15) 0.3678(21) 1 0.019(3) 
F 0.9201(14) 0.2554(14) 0.1159(15) 1 0.012(3) 
 
5.2.2 Micromorphology 




analysis and further confirmed to be 9 wt% by thermogravimetric analysis. Fig. 5.2 
shows the SEM and TEM images of LiVPO4F/C and LiVPO4F. As can be seen, particle 
size of LiVPO4F/C (~150 mm) is much smaller than that of LiVPO4F (~400 nm), even 
though the synthesis processes for both materials were almost identical. Discrete 
LiVPO4F particles are also well segregated by extensively dispersed carbon additives, 
thus reducing serious particle agglomeration of LiVPO4F as shown in Fig. 5.2 (b). From 
the high-resolution TEM image, the LiVPO4F particles were well wrapped by 
amorphous carbon layer of ~6 nm in thickness. Carbon black additives of LiVPO4F/C 
successfully impeded the grain growth and coarsening during calcination. 
 
 








The total electrical conductivity of bulk LiVPO4F was measured using 
impedance spectroscopy with ionic-blocking disc specimens of Au/LiVPO4F/Au. The 
measured electrical conductivity denoted as σAC was contributed from both electronic 














[45]). The straight 
line tail in the low frequency range of the Cole-Cole plot evidently indicates a strong 
ionic diffusion, similar to the report [119] of isomorph LiFeSO4F. Therefore, the ionic 
transport should be dominant in tavorite LiVPO4F lattice at room temperature, in 





Fig. 5.3 Cole-Cole plots of impedance spectroscopy of Au/LiVPO4F/Au specimen at (a) 
room temperature (25 ºC), (b) 30-25 ºC, (c) 30-90 ºC and (d) 90-130 ºC. 
 
Fig. 5.3 (b) to (d) show the Cole-Cole plots of impedance spectroscopy recorded 
at various temperatures from 30-130 °C, while the temperature dependence of σAC is 
further summarized in Fig. 5.4. As well known, the conductivity of cathode materials 
normally increases with temperature following Arrhenius equation: 
𝜎 ∝ exp (−𝛥𝐸 𝑘𝐵⁄ 𝑇), where kB is Boltzmann constant, T is the absolute temperature 
and ΔE is known as activation energy. σAC increases with temperature in the ranges of 




activation energy ΔE for T > 90 ºC and -30 ≤ T ≤ 30 ºC can be calculated to be 0.25 eV 
and 0.23 eV, respectively. However, σAC of LiVPO4F exhibits abnormal temperature 
dependence in the range of 30-90 °C. As can be seen, σAC declines by more than 2 
orders of magnitude and then reaches the bottom at ~90 ºC. Since the ionic 
conductivity is supposed to be the major part of σAC, this phenomenon should be more 
related to the change of ionic transport rather than electronic conductivity. As shown in 
Fig 5.3(c), the slope of the straight line tail that is driven by ionic diffusion declines 
gradually in temperature range of 30-90 °C. This is obviously different from the 
conductivity decrease for T < 25 °C as shown in Fig. 5.3 (b). Furthermore, the 
diffusion tail finally fades away at 90 ºC, showing an electronic dominant transport 
behavior. Although the detailed mechanism of this abnormal temperature dependence 
of electrical conductivity is still not very clear at this moment, we speculate that a 
second-order phase transition might take place, which may largely alter the distribution 
of Li
+
 in split sites and therefore greatly impairs ionic conduction. Further verifications 





Fig. 5.4 Temperature dependence of the measured σAC and σDC of LiVPO4F. 
 
Electronic conductivity σDC of bulk LiVPO4F was derived through direct-current 
(DC) polarization using ionic-blocking disc specimens of Au/LiVPO4F/Au. The 
electronic conductivity was also measured following Hebb-Wagner (H-W) method 
[159] using Au/LiVPO4F/Li specimens, as the impedance spectroscopy suggests that 
the electrons should be minor charge carriers when compared to ions at room 
temperature.  σDC is very close to σAC for T > 90 ºC, supporting our deduction that 
ionic conduction loses its ascendancy for T > 90 ºC. The activation energy for σDC 
obtained from ionic-blocking method and the H-W method is 0.24 eV and 0.26 eV 
respectively, also approximate to that (0.25 eV) obtained from σAC.  

























[14]). The conductivity results suggest 
that tavorite LiVPO4F should be an electronic insulator but a relatively fast Li
+
 ionic 
conductor at room temperature, in consistence with the crystal structure analysis. This 
electronic insulating nature will doubtlessly hinder the electrochemical reaction for the 
pristine LiVPO4F. On the other hand, the LiVPO4F/C composite has a matrix 




 at room temperature, 6 orders higher than 
that of carbon-free LiVPO4F. Although this value does not reflect the intrinsic 
electronic conductivity, it still suggests a greatly improved electronic transport of 
LiVPO4F/C as in practical electrodes. 
5.3 Electrochemical Properties 
5.3.1 Galvanostatic charge-discharge 
Electrochemical performances of LiVPO4F as cathode material were 
galvanostatically characterized. Fig 5.5 (a) shows the charge-discharge profile of the 
first cycle at a low rate of 0.1C (15 mAh g
-1
). With prolonged constant voltage charge to 
0.02C, LiVPO4F has initial charge capacity of 147 mAh g
-1 
but only 122 mAh g
-1 
reversible discharge capacity. On the contrary, LiVPO4F/C has not only a high initial 
capacity of 153 mAh g
-1
 (carbon content subtracted), but also high reversible discharge 
capacity of 142 mAh g
-1
. The voltage hysteresis between charge and discharge plateaus 
of LiVPO4F/C is also noticeably narrower than that of carbon-free LiVPO4F, owing to 







Fig 5.5 (a) Specific capacity, and rate capability of LiVPO4F and LiVPO4F/C: (b) 
LiVPO4F, (c, d, e) LiVPO4F/C; 
 
Fig 5.5 (b) and (c) show discharge rate capabilities of LiVPO4F and LiVPO4F/C. 
The active material loading density is about 4 mg cm
-2
. Half-cells were charged to 4.6 V 
and then directly discharged to 3 V in a constant current (CC) mode. LiVPO4F can only 
deliver 110 mAh g
-1
 capacity at a low discharge rate of 0.2C. Only 40% and 8% of its 
0.2C specific capacities can be utilized at 5C and 10C, respectively. The low specific 




particle size (~400 nm) and significant agglomeration. On contrary, LiVPO4F/C delivers 
a capacity of 141 mAh g
-1
 at 0.2C and amazing high rate performance up to 10C. For 
example, a capacity of 140 mAh g
-1
 (99% of its 0.2C specific capacity) can be achieved 
at 5C, while 129 mAh g
-1
 can be delivered at 10C. Apparently, LiVPO4F/C shows much 
improved rate capabilities due to the largely enhanced electronic transport. Strong 
polarization arose abruptly above 20C, resulting in low capacities. To explore the 
ultra-high rate capabilities of LiVPO4F, thin electrodes with low active loading density 
(~2 mg cm
-2
) were prepared. As shown in Fig 5.5 (c), thin electrode LiVPO4F/C exhibits 
exceptionally high rate performances. A discharge capacity of 123 mAh g
-1
, 85% of its 
specific capacity, can be achieved at 20 C, while 86 mAh g
-1
 can still be utilized at 50 C. 
This improvement in high-rate capability is attributed to reduced polarization resistance 
of electronic and ionic transport in thin electrodes. The results of thin electrode have 
demonstrated that the LiVPO4F lattice is capable of ultra-fast Li
+
 insertion, while the 
transport and polarization in electrode are the main obstacles.  
In addition to the amazingly high power performance, LiVPO4F/C is also capable 
of rapid charge, which is a very favorable feature in practical applications. LiVPO4F/C 
half-cells can be charged to more than 80% state of charge (SOC) at 10C (about 5 min). 
To characterize its stability upon fast charge, long-term cyclic tests were performed 
under constant current-constant voltage (CCCV) charge mode. In this CCCV mode, the 
cells were charged at a constant current of 10 C to 4.5 V followed by constant voltage 




min respectively. Thereafter, the charged cells were discharged at a relatively slow 
current rate of 1 C. Fig 5.6 shows the discharge capacity as a function of cycle number in 
the cyclic tests. For the cell charged at constant voltage for 5 min，discharge capacity 
increases with cycle number at first and reaches the maximum of ~140 mAh g
-1 
after a 
few cycles of “activation”. After that, the capacity fades very slowly with cycles. After 
500 cycles, the half-cell could still deliver a capacity of ~130 mAh g
-1
, 93% of the 
maximum capacity. For the cell charged for 2 min at constant voltage, the maximum 
capacity is ~120 mAh g
-1
, while ~100 mAh g
-1
 capacity can be retained after 500 cycles. 
The high potential LiVPO4F shows very good stability with electrolyte even in fast 
charge and long-term cycling. 
 
 
Fig 5.6 Cyclic performance of LiVPO4F/C at room temperature 
 
As indicated in the conductivity analysis, the ionic conductivity of LiVPO4F 




in practical applications. In addition, the stability of electrolyte with this high potential 
cathode is also questionable at elevated temperature. To clarify these problems, 
electrochemical properties of LiVPO4F/C half-cells at reasonably elevated 
temperatures (40 and 55 ºC) were characterized and shown in Fig. 5.7. As shown in the 
Nyquist plots of EIS Fig. 5.7 (a), the charge-transfer resistance reduces with the 
increasing temperature from 25 ºC to 55 ºC. As shown in the CV profiles of Fig. 5.7 
(b), the cathodic and anodic peaks are also much sharper with smaller peak separation 
at 55 ºC.  The specific capacity and discharge capability at 55 ºC are both slightly 
better than those at 25 ºC. The voltage plateaus at high current rates (5C and 10C) are 
also noticeably higher owing to the reduced polarization. The enhanced 
electrochemical properties at elevated temperature can be ascribed to the increased 
electronic conductivity, boosted electrolyte fluidity/conductivity and enhanced surface 
activity. In general, the decrease in ionic conductivity has no obvious adverse effects 
on the electrochemical properties of LiVPO4F/C in practice. 
The cyclic tests were carried out following exactly the same CCCV protocol as 
at room temperature. The maximum capacity was of 144 mAh g
1
, slightly higher than 
that obtained at room temperature. The capacity fading is more significant at 55 ºC. 
After 500 cycles, the cell retained a discharge capacity of 101 mAh g
1
, corresponding 
to 70% of the maximum capacity. It is normal the cyclability of the high potential 




As a 4V-class cathode, LiVPO4F/C still offers a decent cyclic performance at 55 ºC 
when compared to LiMn2O4 and LiMnPO4. 
 
Fig. 5.7 Electrochemical properties of LiVPO4F/C half-cells at elevated temperatures. 
(a) Nyquist-plot of EIS at 25 ºC, 40 ºC and 55 ºC, (b) cyclic voltammetry at 25 ºC and 





As shown in Fig. 5.5 (a), the flat discharge plateau evidently reflects a simple 
biphasic reaction similar to FePO4/LiFePO4, while the two distinct charge plateaus 
imply a distinctly different mechanism for Li
+
 extraction. This phenomenon has been 
considered to be caused by the different energy states of split Li
+
 sites in LiVPO4F 




work is ~0.25 for LiVPO4F and ~0.4 for LiVPO4F/C, while it is ~0.3 for LiVPO4F/C 
synthesized via similar carbon thermal reduction [121, 124]. Furthermore, 
nanocrystalline LiVPO4F synthesized via sol-gel method has only one charge plateau 
[127]. On the other hand, LiVPO4F synthesized via ion exchanging has two discharge 
plateaus in addition to the two charge plateaus [126]. These facts suggest that Li
+
 
exaction/insertion mechanism in tavorite LiVPO4F depends greatly on the synthesis and 
processing route, possibly as a result of Li
+
 occupancy variation in split sites. 
Cyclic voltammetry (CV) and quasi-equilibrium open circuit potential (OCP) 
indicate the chemical potential differences between the two domains in Li
+
 extraction. 
Fig. 5.8 shows the CV spectra of LiVPO4F/C and LiVPO4F measured at 0.2 mV s
-1
. For 
LiVPO4F/C, sharp anodic peaks at 4.380 V and 4.309 V correspond to two oxidization 
reactions with a potential difference of ~70 mV. Only one sharp cathodic peak at 4.084 V 
was observed in the Li
+
 insertion process. In addition, the CV spectra also indicate that 
the carbon coating in LiVPO4F/C significantly reduces electrode polarization. The 






Fig. 5.8 Cyclic voltammetry of LiVPO4F and LiVPO4F/C 
 
Fig. 5.9 shows the quasi-equilibrium open circuit potential (OCP) of Li1-xVPO4F 
obtained from GITT. In Li
+
 extraction, OCP of Li1-xVPO4F electrode remains almost 
constant at about 4.234 V with x from ~0.1 to ~0.4, and about 4.254 V with x from ~0.4 
to ~0.9. This indicates a difference of ~20 mV in OCP between the two domains. 
Moreover, the OCP profile at x~0.4 in extraction process shows a single-phase behavior, 
implying that a third phase LiγVPO4F (γ~ 0.6 for LiVPO4F/C) is present in addition to 
lithium-poor VPO4F and lithium-rich LiVPO4F. Therefore, the Li
+
 extraction process 
may be comprised of two stages of biphasic reactions, LiVPO4F/Li0.6VPO4F (reaction A) 
and Li0.6VPO4F/VPO4F (reaction B). In Li
+
 insertion process, OCP remains constant 





Fig. 5.9 Open circuit potential of LiVPO4F as a function of state of charge-discharge  
 
Fig. 5.10 shows the ex-situ XRD patterns of Li1-xVPO4F electrodes at different Li
+
 
extraction and insertion level. Two distinct phases, namely pristine LiVPO4F and “fully” 
charged phase VPO4F can be observed from the XRD spectra. In the first stage of Li
+
 
extraction when x is smaller than 0.4 in Li1-xVO4F, only reflections from LiVPO4F were 
found, implying no change in the crystal structure of LiVPO4F. Reflections from the 
VPO4F phase starts to appear from x > 0.4 in the second stage of Li
+ 
extraction, where 
both LiVPO4F and VPO4F coexist. As Li
+
 extraction proceeds, intensity of LiVPO4F 
reflection reduces gradually accompanied with increase in the intensity of VPO4F. 
LiVPO4F phase completely disappeared at a fully charged state with x~ 1. The structural 
evolution during extraction is a possible reason for the potential differences between the 
two charge plateaus. Reflections from both VPO4F and LiVPO4F were observed during 
the entire Li
+ 
insertion process, indicating a simple VPO4F/LiVPO4F biphasic reaction. 
Intensity of VPO4F reflections decays with Li
+ 
insertion proceeding until complete 









 diffusion behavior 
Li
+
 diffusion coefficients of at different Li
+
 extraction/insertion levels of 
Li1xVPO4F were determined using GITT, EIS and CV techniques. In the 
electrochemical study of diffusion coefficients, it is essential and crucial to accurately 
estimate the active contact surface area, S, between electrode and electrolyte. Herein S 




 based on Brunauer-Emmett-Teller (BET) 
measurement. The LiVPO4F/C powder was heated at 500 °C for 10 min to remove the 
carbon content. The BET surface area was then measured with the leftover LiVPO4F 
powder. XRD results confirmed that the leftover LiVPO4F still kept the structure of 




5.5.1 Galvanostatic intermittent titration technique 
GITT was used to evaluate the diffusion coefficient (DGITT) of electrode materials. 
In each titration step of GITT, a current pulse of 37.5 mA g
-1
 (0.25 C) is applied for 300 
s followed by an open circuit relaxation for 90 min. From GITT measurement, diffusion 
coefficient of lithium ions was calculated based on Equation 5.1 developed by 
Weppner et al.[160]: 
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), F is the Faraday’s constant (96,485.3365 C mol-1), I0 is the pulse current 
(0.0375 A g
-1
), δE/δx is the slope of the equilibrium open circuit potential (OCP) 
versus lithium content which can be obtained from the differential of the OCP curve 
shown in Fig. 5.11 (a), and δE/δt1/2 is the slope of initial transient voltage change 
versus square root of time. Fig. 5.11 (b) shows an example of initial transient voltage 
change of E vs. t
1/2 
plot recorded for Li0.5VPO4F during insertion process. As can be 
seen, the transient voltage E exhibits a linear behavior versus square root of time in the 
first 60 s. The experimental data points can be linearly fitted with a slope of δE/δt1/2= 
0.00443 V s
-1
. Fig. 5.11 (c) shows the lithium ion diffusion coefficients calculated 
using Equation 5.2 as a function of x in Li1-xVPO4F. Lithium ion diffusion coefficients 



















Fig. 5.11 Diffusion coefficient measurement via GITT; (a) GITT profile of LiVPO4F 
half-cell, (b) an example of titration curve at x~ 0.5, and (c) DGITT of Li1-xVPO4F as a 
function of x 
 
5.5.2 Electrochemical impedance spectroscopy 
EIS was also used to study the lithium diffusion behavior of Li1-xVPO4F at 
different extraction/insertion level x, with a step of x~ 0.1. EIS was carried out with a 5 
mV amplitude vs. open circuit potential within frequency range from 1 MHz to 1 mHz. 
Prior to EIS tests, the cell was held at open circuit for 4 h to achieve the quasi 
equilibrium state. 
Fig. 5.12 (a) compares the Nyquist plots of Li1-xVPO4F between extraction and 
insertion process. At very low frequency, the impedance behavior is mainly driven by 
diffusion in the bulk electrode material or the so-called Warburg impedance rather than 




using the following equation developed by Ho et al. [161]: 
   =     
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               Equation 5.2 
where VM is molar volume, S is the specific electrode surface area, F is the Faraday’s 
constant, δE/δx is slope of the equilibrium OCP versus lithium content and Aw is 
known as Warburg factor. Aw can be obtained from the linear relationship of Zreal or 
-Zimg versus inverse square root of angular frequency ω
-1/2
 when ω0. An example is 
shown in Fig. 5.12 (b), which reveals a good linear relationship between Zreal and ω
-1/2
 
of Li0.5VPO4F in low frequency range.  Li
+
 diffusion coefficient of Li1-xVPO4F with 
different extraction or insertion level is finally calculated using Equation 5.2. The 















Fig. 5.12 Diffusion coefficient measurement via EIS; (a) Nyquist plots of 
Li1-xVPO4F/Li half-cell, (b) Zreal vs. ω
-1/2
 at extraction level of x~ 0.5 at low frequency 
range, and (c) diffusion coefficient of Li1-xVPO4F calculated via EIS as a function of x 
5.5.3 Cyclic voltammetry 
Fig. 5.13 shows the CV profiles of LiVPO4F/C with different voltage sweep rates 
from 0.2 mV s
-1
 to 5 mV s
-1
. If lithium diffusion within electrode is the limiting factor 
rather than charge transfer across interfaces, Li
+ 
diffusion coefficient can be 
determined by the following equation [162]: 
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where  𝑖  is the peak current of the redox reaction, F is Faraday’s constant, R is the 








), T is the absolute temperature, n is 
the number of electrons involved in the electrochemical reaction, S is the electrode 
surface area, D is Li
+
 diffusion coefﬁcient,  0
  is the initial Li
+
 concentration and v is 





according to refined LiVPO4F cell volume (174.6 Å
3
). The inset in Figure 5.11 
shows the linear relationships between peak currents and the square root of sweep rates. 






















. Diffusion coefficient Dapp(A) corresponding to 
reaction A was lower than DLi(B) of reaction B, indicating a relatively inferior 
diffusion kinetics during reaction A. 
 
 
Fig. 5.13 Cyclic voltammetry of LiVPO4F half-cell with different sweep rates; 
Inset shows the relationship between peak currents and square root of sweep rates. 
 
5.5.4 Discussion on DLi
+
 with phase transformation 
As shown above, the diffusion coefficient calculated in biphasic domains are 
significantly lower by up to 6 orders than those measured in single phase domains. 
GITT and EIS have been developed based on several idealizations and assumptions 
with Frumkin isotherm model without consideration of interphase strain-stress, phase 
boundary movement and interphase mobility in phase transition materials. It is 




biphasic domain where the equilibrium potential OCP is almost constant with x. 
Therefore, diffusion coefficients calculated in biphasic domain are much smaller. This 
problem has been addressed by some recent reports that attempt to include phase 
transition kinetics into the calculation [163, 164]. However, diffusion coefficients are 
still well estimated for each phase in single-phase domains, while the diffusion 
behavior in biphasic domain can be derived from those in the two phases. Hence, 
diffusion coefficients calculated in single-phase domain are of important significance.  
Fig. 5.14 compares the diffusion coefficients measured using GITT and EIS as a 
function of quasi-equilibrium OCP. As can be seen, DEIS and DGITT are in very good 
agreement with each other. The calculated diffusion coefficients are almost constant 

































) measured from CV is 
slightly higher than DGITT and DEIS by less than one order. In general, the diffusion 








, lithium rich phase, this work) is 2 orders 








[47]), indicating a facile Li
+
 










In summary, high performance LiVPO4F/C has successfully been developed. 
Some essential electrical and electrochemical properties of this material are revealed in 
this Chapter. Tavorite lattice seems to be a relatively faster Li
+
 ionic conductor when 





at room temperature. Poor electronic transport restricts the electrochemical 





. By coating carbon on the particle surface, electrochemical properties 
can be dramatically improved. Carbon coated LiVPO4F/C exhibits amazingly high 
power performance, fast charge capability and very good stability in long-term cycling. 




different techniques are in good agreement. Li
+
 diffusion coefficient of tavorite 








, 2 orders higher than that in olivine 
materials. The intermediate phase Li~0.6VPO4F in extraction seems to have a relatively 
inferior Li
+
 diffusion property, which may be another limiting factor for thorough Li
+ 
extraction. These findings in this chapter may greatly contribute to the further research 





6 A novel synthesis route for nanostructured 
phosphates materials 
Technology used in the fabrication of nanostructured phosphate materials strongly 
affects microstructure and morphology of the as-synthesized materials and hence their 
electrochemical performance. Porous-structured nanomaterial is of high significance in 
research of electrode materials in LIBs, because porous structure can facilitate the flow 
and infiltration of electrolyte. Therefore, a novel solution based synthesis route for 
producing nanostructured phosphates materials has been developed for the first time in 
this Chapter. 
In a typical sol-gel synthesis route of LiFePO4, citric acid or tartaric acid is 
normally used as chelating agents and/or carbon source, while phosphate salt or 
phosphoric acid are used as phosphorous source [96, 106, 148, 165, 166]. In this 
processing, phosphonate chelating agents which can also serve as in-situ phosphorous 
and carbon source simultaneously were adopted. Phosphonic groups have more 
desirable reactivity and chelating properties than those obtained with Lewis functional 
groups like carboxylate (RCOO
-
) and amine (R2N) groups in citric acid and EDTA. With 
amazing chelating abilities, phosphonate chelating agents have been widely used in 
medicine, industry and water treatment, as drug delivery agent, scaling inhibitor, 
detergents, settling retarder and anti-corrosion agents [167]. Furthermore, phosphonates 
chelating agents have crucial advantages as in-situ phosphorous and carbon source in 




applications in the synthesis of phosphate cathode materials, especially as chelating 
agents in sol-gel synthesis. Bauer et al. used Fe[RPO3]·H2O (R = methyl or phenyl 
group) to synthesize carbon rich LiFePO4 via a traditional solid-state reaction [168]. 
Wang et al. prepared LiFePO4/C composite via a complexion and pyrolysis route with 
HEDP (CH3C(OH)(H2PO3)2) [169]. Hill et al. fabricated porous and carbon rich 
LiFePO4/C by applying SiO2 template to a novel single molecular precursor with 
etidronic acid as chelating agents [170]. The present work has synthesized nanosize 
LiFePO4/C composites with a porous or hollow sphere architecture using a simple and 
template free sol-gel route. 
6.1 Material Preparation 
 
Fig. 6.1 Schematic of synthesis approach of porous and hollow spherical LiFePO4; 
(a) proposed Fe-EDTMP 1:1 complex, (b) proposed polymeric reticulation complex of 






Among various types of phosphonate chelating agents, ethylenediaminetetra 
(methylene phosphonic acid) (EDTMP, C6H20O12N2P4), a phosphonate analog 
of ethylenediaminetetraacetic acid (EDTA), was selected in this work due to several 
advantages. Firstly, EDTMP can chelate with many metal ions including alkaline earth 
metal ions and divalent transitional metal ions, thus enabling effectively synthesize 
many types of phosphate cathode materials. Secondly, as multidentate ligands with 4 
phosphonic groups and 2 amine (R2N) groups in a single molecular, stability of 
metal-EDTMP complex is considerably higher than other common phosphonate 
chelating agents [171, 172]; Thirdly, EDTMP may chelate metal ions to form polymer 
reticulation complex as a multi-ligand chelating agent, which is desirable for secondary 
architectural tailoring of the final products. 
As illustrated in Fig. 6.1, porous LiFePO4/C composites with secondary 
architectures were synthesized via template free sol-gel routes with EDTMP as chelating 
agent as well as in-situ phosphorous and carbon sources. Spray-drying was conducted in 
order to tailor micrometre sized sphere secondary particles. In a typical process, Iron (II) 
acetate was slowly dropped into 80 ºC aqueous solution of LiOH and EDTMP with rigid 
stirring. Dark green transparent sol was obtained with molar ratio of Li: Fe: P= 1: 1: 1. 
Ammonia solution was added to maintain an alkalescency environment. PH value is 
critical to dissolubility of Fe
2+
 and EDTMP. If PH < 5, protonation of phosphonic groups 
will inhibit complexion of Fe
2+
 and EDTMP and induce grey green precipitates of 




will be more favourable than the Fe-EDTMP complexes. Ammonia itself may also 
contribute to the coordination of Fe
2+
, since it is a coordination agent with relatively 
weaker effects. Fe-EDTMP complexes could be diversiform due to the multidentate 
nature of EDTMP. The simplest 1:1 Fe-EDTMP complex is shown in Fig. 6.1 (a). A 
complex polymer reticulation network may also be formed as proposed in Fig. 6.1 (b), 
especially upon gelling. All the elements will be thoroughly and uniformly distributed 
within the network in atomic level. Furthermore, the in-situ carbonization of EDTMP 
will form carbon matrix and restrict LiFePO4 crystalline growth. No additional carbon 
source was introduced other than EDTMP. As shown in Fig. 6.1 (c), the stable sol was 
dried via a conventional sol-gel way or spray-drying. Porous LiFePO4 and hollow 
spherical LiFePO4 were finally obtained by pyrolysis of precursors in inert atmosphere. 
6.2 Characterization 
6.2.1 Crystal structure 
Fig. 6.3 shows the X-ray diffraction (XRD) patterns of porous LiFePO4, hollow 
LiFePO4 and the precursor. According to XRD analysis, no crystalline phases can be 
found in the precursors, in line with the highly disordered xerogel structure proposed 
above. Both porous LiFePO4 and hollow LiFePO4 show a single olivine crystal structure 
with all reflections attributed to LiFePO4 (Pnma, JCPDS 40-1499). Results from 
elemental analysis results show a molar ratio of Li: Fe: P = 0.985: 1: 1 in the final 






) in EDTMP have been completely transformed into 
phosphate (PO4
3-
) with the C-P bonds ruptured upon pyrolysis. Carbon contents in 
porous LiFePO4/C and hollow spherical LiFePO4/C were estimated by TGA to be 6.8 wt% 
and 7.1 wt%, respectively. Mean crystallite sizes of porous LiFePO4/C and hollow 
spherical LiFePO4/C were estimated to be 26 nm and 35 nm using Scherrer equation (Eq. 
2.1). Hollow spherical LiFePO4/C has a noticeably smaller crystallite size, since the 
spray-drying process significantly reduces the gelling duration and thus impede the 
particle growth upon gelling. 
 








Fig. 6.3 Micromorphology of precursors to (a), (b) porous LiFePO4/C and (c), (d) 
hollow spherical LiFePO4/C 
 
SEM images of the precursors to porous LiFePO4/C and hollow spherical 
LiFePO4/C are shown in Fig. 6.3. The precursor to porous LiFePO4/C shows a typical 
uniform morphology of xerogel, without precipitate particles or ordered secondary 
structure. As for the sol-gel-spray-drying route, the precursor is comprised of discrete 
dense spherical particles of 1-5 μm in diameter. 
Fig. 6.4 shows SEM images of porous LiFePO4/C and hollow spherical 
LiFePO4/C. Low magnification SEM image reveals the highly porous network 






to several micro-meters with a random distribution. The micro-pores were 
interconnected by the nano-pores, forming 3d tunnels. In high magnification SEM 
image, it can be seen that the porous network consisted of nano-sized primary particles 
of ~30 nm in diameter. This spherical morphology was well maintained after sintering, 
whereas solid particles turned into hollow structured due to gas release upon pyrolysis. 
Nano-sized pores on the shell connect the inner hollow space with outside, which 
benefits electrolyte flowing and wetting. Fig. 6.4 (e) shows the cross section of the shell 
of a damaged hollow sphere particle. As can be seen, nano-particles of 20-30 nm in 











Fig. 6.4 SEM images of porous LiFePO4/C and hollow spherical LiFePO4/C; 
(a, b) porous LiFePO4/C frameworks; (c, d) secondary particles of hollow spherical 
LiFePO4/C; (e) a damaged secondary particle of hollow spherical LiFePO4/C  
  
Fig. 6.5 shows the TEM images of porous LiFePO4/C and hollow spherical 
LiFePO4/C. As can be seen in Fig. 6.5 (a), LiFePO4 crystallite of ~35 nm was well 
wrapped up by thick amorphous carbon in porous LiFePO4/C. The hollow spherical 
micromorphology was also revealed by TEM image as shown in Fig. 6.5 (b). Fig. 6.5 (c) 
and (d) shows core shell structured LiFePO4/C nanoparticles as fine as ~10 nm on the 
shell of hollow spherical LiFePO4/C, in consistent with SEM observations. 
High-resolution TEM image in Fig. 6.3 (d) reveals the carbon coating morphology. As 
can be seen, LiFePO4 crystallite ~15 nm in diameter is coated by an amorphous carbon 








Fig. 6.5 TEM images of porous and hollow sphere LiFePO4 
(a) porous LiFePO4, (b, c, d) hollow sphere LiFePO4 
6.2.3 Raman spectra 
Fig. 6.6 shows the Raman spectra of pristine LiFePO4 and hollow spherical 
LiFePO4/C synthesized with EDTMP. The D-band at 1355 cm
-1
 and G-band at 1577 
cm
-1 
confirm that the carbon coating should be in amorphous form. Ratio of ID/IG of 
hollow sphere LiFePO4/C synthesized with EDTMP is 0.97. The relatively high ID/IG 
ratio indicates the highly disorder carbon, therefore the electronic conductivity of the 
carbon resulted from EDTMP is expected to be relatively lower than that of 








Fig. 6.6 Raman spectra of (a) pristine LiFePO4 and (b) hollow spherical LiFePO4/C 
 
6.3 Electrochemical properties 
 
As stated above, both LiFePO4/C composites have favourable charge and mass 
transport features with nanoscale crystalline size, thin layer carbon coating and 3d 
porous frameworks. To characterize and compare electrochemical performances of 
these two types of composites, discharge rate capabilities and cyclic test were carried out 
on half-cells with metallic lithium as counter electrode. Fig. 6.7 compares the discharge 
rate capability of porous and hollow LiFePO4. At low current density of 0.1C, hollow 
spherical LiFePO4/C can deliver a discharge capacity of 153 mAh g
-1
, higher than that 
(139 mAh g
-1
) of porous LiFePO4. It should be mentioned here that the specific capacity 
calculation here did not substrate the carbon content, thus a specific capacity of 167 
mAhg
-1
 for active LiFePO4, very close to the theoretical capacity of LiFePO4 (170 mAh 
g
-1
), can be utilized for hollow spherical LiFePO4/C. At high discharge rates, hollow 




to specific capacity at 0.1 C. For example, porous LiFePO4/C can only deliver 54 mAh 
g
-1
 at 20 C and 37 mAh g
-1
 at 30 C, while hollow spherical LiFePO4/C can deliver 90 
mAh g
-1
 at 20 C and 74 mAh g
-1
 at 30 C. Clearly, hollow spherical LiFePO4/C has a 
superior electrochemical performance compared to porous LiFePO4/C. This can be 
ascribed to the smaller crystallite size and more uniform carbon coating. Moreover, the 
micrometre-sized spherical particles are more favourable for the uniformity and 
compactness in the electrodes.  
 
Fig. 6.7 Electrochemical performances of LiFePO4/C composites; 
 (a, b) discharge rate capabilities of porous LiFePO4 and hollow LiFePO4 (c) high 
discharge rate retention compared to practical capacity at 0.1 C 
 
Fig. 6.8 shows the cyclic performance of hollow spherical LiFePO4/C cycled at 1 C. 
After 200 cycles and a duration of 16 days, a capacity of 135.4 mAh g
-1
, or 98.1 % of the 




columbic efficiencies during cycling with a mean value of 99.96%. In spite of the high 
porosity and high electrode/electrolyte contact area, hollow spherical LiFePO4/C 
exhibits an excellent stability with the electrolyte during the cyclic tests. 
 
Fig. 6.8 Cyclic performance of hollow spherical LiFePO4/C at 1C 
 
6.4 Summary 
In summary, a novel and facile template free sol-gel method in fabrication of 
nano-sized phosphate materials has been demonstrated. Phosphonate chelating agents 
that also served as in-situ phosphorous and carbon sources were adopted instead of 
traditional Lewis group chelating agents and inorganic phosphorous agents. As an 
example, two types of LiFePO4/C composites with porous or hollow spherical 
secondary architectures were synthesized and characterized using EDTMP in this 




spherical morphology of a 1-5 μm in diameter with shells of ~200 nm in thickness. The 
shell of the micrometre-sized hollow spherical particles was constructed by LiFePO4/C 
core-shell nanoparticles of 20-30 nm. Amorphous carbon was uniformly coated on the 
nanoparticles of LiFePO4 with a thickness of ~2nm. The hollow spherical LiFePO4/C 
exhibited superior rate capabilities and excellent cyclic performance. In addition, this 
synthesis approach can be easily adopted for other phosphate materials with benefits of 
very fine crystallites of < 30 nm, uniform carbon coating and micrometre hollow 






7 Building safe and high rate full-cell 
Phosphate cathode materials such as LiFePO4, LiFexMn1-xPO4 and LiVPO4F have 
been successfully developed with both high performance and unique safety features. It 
becomes natural to find a proper safe anode material to couple with them. Graphite 
carbon has been used as anode since LIB was first commercialized in 1991. However, 
flammability of lithiated graphite and metallic lithium plating upon fast charge are 
severe risks in large scale multi-cell systems [128]. Hence, many efforts have been 
devoted to develop alternatives such as TiO2/LixTiOy, tin and silicon. It is still 
challenging to reversibly utilize the theoretical capacity of TiO2. Li
+
 insertion in bulk 
TiO2 is hindered by wide band gap in nature and poor Li
+ 
transport. Nano-sizing is 
therefore necessary to improve Li
+ 
insertion behavior by shortening diffusion distances 
and enlarging electrode/electrolyte contact area [173, 174]. In previous studies, 
nano-size TiO2 was commonly synthesized via hydrolysis or hydrothermal reaction 
[173-179]. In this work, nanocrystalline anatase TiO2 was synthesized via 
mechanochemical reaction, which is a rapid, facile and economical process [180-184]. It 
has been successfully used to synthesize nanostructure rutile TiO2 reinforced Sn [185]. 





7.1 Material preparation 
Mechanochemical reaction between titanium chloride (TiCl4) and ammonium 
bicarbonate (NH4HCO3) was induced by high-energy milling in an inert atmosphere. In 
a typical process, liquid TiCl4 (99%, Sigma-Aldrich) and NH4HCO3 (99%, Merck) were 
sealed in a stainless steel milling jar inside an argon glove box (MBraun; H2O, O2: <0.1 
ppm). Then, high-energy ball milling was carried out for 15 min using SPEX-8000M. 
Finally, the as-milled powders were annealed at 400 °C, 500 °C, 600 °C and 700 °C for 1 
h in air and flowing argon, respectively. The TiO2 materials synthesized were denoted by 
their annealing conditions for short. 
7.2 Characterization 
7.2.1 Crystal structure 
 





Fig. 7.1 shows the XRD patterns of the materials investigated. After milling, NH4Cl 
is the only detectable phase in the as-milled powders, while the TiO2 could be in an 
amorphous form. Therefore, the overall mechanochemical reaction upon ball milling 
can be expressed as: 
TiCl4 + 4NH4HCO3  TiO2 (amorphous) + 4NH4Cl (solid) + 2H2O (liquid and/or gas) + 
4CO2 (gas)                   
After annealing, diffraction peaks from NH4Cl vanish, whereas depending on 
annealing temperature crystalized anatase and rutile become the only remaining phases. 
Crystal structures of the annealed TiO2 vary with annealing atmosphere. For TiO2 
annealed in air, single-phase anatase was obtained starting from 400 °C to 700 °C. On 





°C, while rutile started to emerge at 600 °C and became the main phase at 
700
 
°C. Anatase-rutile phase transition temperature is clearly below 600
 






Fig. 7.2 High counts XRD patterns of anatase (101) peak. 
 
The average crystallite size was estimated from XRD peak broadening by 
application of Scherrer equation [186, 187]. Fig. 7.2 shows the high counts XRD pattern 
of single-phase anatase TiO2 collected between 23° and 28° (2θ). The full-width at half 
maximum (FWHM) of the anatase (101) peak at 25.3° was measured. Kα2 contributions 
were subtracted with the aid from software, while instrumental broadening were 
corrected based on diffraction data of standard silicon powders (325 mesh). Table 7.1 
summarizes the FWHM and calculated average crystallite sizes of TiO2 annealed under 
different conditions. Average crystallite size increases gradually from about 11 nm to 
about 31 nm with increasing annealing temperature from 400 °C to 700 °C. The 
annealing atmosphere seems to have little effect on crystallite size. For example, the 
average crystallite size of TiO2 400 °C, air is 11.7 nm, almost identical to that (11.2 nm) of 
TiO2 400 °C, Ar. Crystallite sizes of TiO2 annealed in argon above 600 °C were directly 





Table 7.1 Structure and crystallite size of TiO2 prepared via mechanochemical reaction 
Sample Structure FWHM (°) FWHM-B0 (°) Crystallite size (nm) 
400 °C air anatase 0.79296 0.68696 11.7 
500 °C air anatase 0.72158 0.61558 13.0 
600 °C air anatase 0.60801 0.50201 16.0 
700 °C air anatase 0.36447 0.25847 31.0 
400 °C Ar anatase 0.82291 0.71691 11.2 
500 °C Ar anatase 0.72571 0.61971 12.9 
600 °C Ar anatase+ rutile N.A N.A ~100 (rutile, SEM) 
700 °C Ar anatase+ rutile N.A N.A ~200 (rutile, SEM) 
 
7.2.2 Thermal analysis 
Thermal analysis was carried out to investigate reactions of the as-milled powders 
upon annealing. Fig. 7.3 shows the simultaneous TGA and DTG results of the as-milled 
powders. Two stages of reactions can be identified from the TGA and DTG curves. In 
the first stage from room temperature to about 210 °C, TGA shows a gradual weight loss 
of 6.9% in total, which may be caused by dehydration. Sources of the three small 
exothermic peaks at 56 °C, 109 °C and 207 °C are not clear but may probably be 
associated with dissociation and dehydration. In the second stage between about 210 °C 
and 310 °C, a sharp weight loss of about 67.0% could be observed, which may be 




292 °C for this reaction. Above 310 °C, neither noticeable weight loss nor thermal peaks 
can be detected, indicating that the ammonium salts and hydrates have been completely 
eliminated, in line with XRD observation.  
 
Fig. 7.3 TGA and DTG curves of the as-milled powders. 
 
7.2.3 Morphology and conductivity 
The color of TiO2 powder was pure white when it was annealed in air but changed to 
light yellow green when annealed in argon. This is probably the result of defects 
generated upon annealing in argon. In a non-oxidizing annealing atmosphere, oxygen 
vacancies can be generated at high temperature and Ti
4+
 would be partially reduced to 
Ti
3+













          
As a result of more electron–hole recombination sites, electronic conductivity for TiO2 




carried out on compacted powders to measure electronic conductivity of TiO2 powders 
annealed at 400 °C. The results indeed confirmed that the electronic conductivity of 












Fig. 7.4 SEM images of TiO2 synthesized via mechanochemical milling 
(a) TiO2 400°C air, (b) TiO2 700°C air, (c) TiO2 400°C Ar and (d) TiO2 700°C Ar. 
 
Micromorphology of the TiO2 synthesized was observed using SEM and TEM. 
SEM images, shown in Fig. 7.4, indicate that typical TiO2 secondary particles are about 
100-500 nm in size consisting of very fine nano-crystallites. The mix-phase TiO2 700 °C, Ar 
shows distinctly uneven particle size distribution with small anatase crystallites of only 




and (b) reveal the crystallite size of as fine as ~10 nm, while the secondary particles are 
in the size of several hundreds of nanometers. Selected area electron diffraction (SAED) 
pattern in Fig. 7.5 (c) appears as concentric circles, which can be ascribed to anatase 
structure. The crystallite sizes observed by SEM and TEM are both consistent with the 
average crystallite size derived from Scherrer equation.  
 
 
Fig. 7.5 TEM images and SEAM pattern of TiO2 400 °C Ar. (a) and (b) TEM images, (c) 
SAED pattern. 
 
7.3 Electrochemical properties 
Li
+




↔ LixTiO2. In a typical biphasic reaction for anatase, Li
+




phase and lithium titanate phase Li0.5TiO2 (Imma) coexist in a single particle. The 
number of electron exchange per formula, x, can only reach 0.5-0.6 in microcrystalline 
anatase, while further reaction of Li
+
 with formation of Li1TiO2 (I41/amd) phase can be 
achieved in nanometer-sized anatase, which has recently been demonstrated by 
chemical lithiation of 6 nm anatase [190].  
7.3.1 Cyclic voltammetry 
 
 
Fig. 7.6 Cyclic voltammograms curves of TiO2 with a scan rate of 0.1 mV s
-1
. 
(a) TiO2 400 °C air, (b) TiO2 700 °C air, (c) TiO2 400 °C Ar and (d) TiO2 700 °C Ar. 
 
Fig. 7.6 shows the CV plots of TiO2 annealed at different conditions. The CV tests 
were carried out on fresh cells for 5 cycles with a scan rate of 0.1 mV s
-1
. TiO2 700 °C, air 
(about 31 nm) shows sharp characteristic peaks of anatase at about 1.69V / 2.08V. 




(about 11 nm) show broadened peaks, indicating broadened energy distribution of Li
+
 
insertion/extraction in these nano-size anatase crystallites. Mix-phase TiO2 700°C, Ar 
shows additional peaks of rutile at about 1.40V / 2.22V in the first cycle, which 
unfortunately are irreversible in the following cycles. The peak currents of TiO2 700 °C, Ar 
are also considerably lower than those of other anatase TiO2 materials, showing poor Li
+
 
accommodation properties. The potential hysteresis, i.e. peak separation (ΔV) between 
main cathodic and anodic peaks, was also measured for the final cycle. ΔV of TiO2 400 °C, 
air is smaller than that of TiO2 700 °C, air by ~35 mV. Particle size effects was the main cause 
for this hysteresis difference. Moreover, TiO2 400 °C, Ar has an even smaller ΔV than 
similar size TiO2 400 °C, air by ~30 mV, probably benefited from its higher electronic 
conductivity.  
7.3.2 Specific capacity 
Galvanostatic discharge-charge cycling at a low current density of 30 mA g
-1 
was 
carried out to investigate the Li
+
 accommodation properties and specific capacities of 
TiO2. Fig. 7.7 shows the initial discharge-charge profiles of representative TiO2 
materials. All single-phase anatase TiO2 can deliver reversible capacities higher than 
200 mAh g
-1
. On the other hand, mix-phase TiO2 700 °C, Ar only delivers a reversible 
capacity of 95 mAh g
-1
 corresponding to only 0.28 mol of Li
+
 insertion (x ~0.28), 
encumbered by the electrochemically inactive rutile phase. TiO2 400 °C, Ar has the highest 
first discharge capacity up to 326 mAh g
-1
 (x ~0.97), close to the theoretical value of 335 
mAh g
-1
. Its first cycle coulombic efficiency is 74.9%, while about 230 mAh g
-1




can be stably retained after 5 cycles. This Li
+
 accommodation property is comparable 
with those of porous and nanotube TiO2 synthesized via other techniques [175, 191, 
192]. It is interesting to note that single-phase anatase annealed in argon can host more 
Li
+
 than those annealed in air. For example, TiO2 400 °C, Ar has noticeably higher initial 
discharge capacity and reversible capacity than TiO2 400 °C, air. 
 
 
Fig. 7.7 Initial discharge-charge profiles of TiO2 at current density of 30 mA g
-1
 
(a) TiO2 400 °C air, (b) TiO2 700 °C air, (c) TiO2 400 °C Ar and (d) TiO2 700 °C Ar. 
7.3.3 Rate capability and cycleability 
Fig. 7.8 compares the rate capabilities of TiO2 annealed under different conditions. 
1C is defined as 200 mAh g
-1
 in this work, since most of the materials have a specific 
capacity of about 200 mAh g
-1
. For the same annealing atmosphere, the rate capability of 




nm TiO2 400 °C, Ar and TiO2 400 °C, air exhibit the best rate capabilities among all the 
materials investigated. High current density performance of TiO2 400 °C, air is far better 
than that of TiO2 700 °C, air, even though its initial capacity is lower than that of TiO2 700 °C, 
air (also seen in Fig. 6). At a high current density of 5C (1 A g
-1
), only 33 mAh g
-1
 can be 
achieved for TiO2 700 °C, air compared to 115 mAh g
-1
 for TiO2 400 °C, air. Overall, TiO2 400 °C, 
Ar has better rate capability, slightly better than that of TiO2 400 °C, air owing to higher 
electronic conductivity and higher specific capacity. As expected, TiO2 700 °C, air shows 






Fig. 7.8 Discharge-charge cyclic tests of TiO2 at various current densities  




Reducing crystallite size can evidently improve the kinetics of Li
+
 
insertion/extraction in anatase [174, 190, 193, 194]. As shown in Fig. 7.7 (b), despite a 
very small current density of 0.15C (0.03 A g
-1
), notable polarizations arose at the 
beginning of the charge plateau of the 35 nm TiO2 700 °C, air, indicating strain induced 
energy barrier. Such polarizations cannot be found in the 11 nm TiO2 400 °C, air and TiO2 
400 °C, Ar. TiO2 400 °C, air and TiO2 400 °C, Ar also gained more capacity from slope solid 
solution domain in the charge-discharge profiles at the expense of biphasic plateau 
domain, as compared to TiO2 700 °C, air. Hence, other than improving charge and mass 
transport, nanocrystalline can also decrease phase transformation strain and enhance 
solid solution [190, 193].  
Fig. 7.8 also indicates the nanocrystalline TiO2 synthesized via mechanochemical 
reactions has good cyclic performances at various current densities. Long-term cyclic 
tests were conducted on TiO2 400 °C, Ar half-cells to further challenge its stability. As 
shown in Fig. 7.9, nanocrystalline TiO2 400 °C, Ar exhibits excellent long-term capacity 
retention at both 1C and 5C. After 200 cycles at 1C (0.2 A g
-1
), a capacity of 163 mAh g
-1
 
can be retained from the initial 172 mAh g
-1
. For the following 500 cycles at 5C (1 A g
-1
), 
the capacity fading is negligible. Such a long cycle life of nanocrystalline TiO2 has 





Fig. 7.9 Long-term cyclic performances of TiO2 400 °C Ar 
7.3.4 LiFePO4/TiO2 and LiVPO4F/TiO2 full-cells 
 
Fig. 7.10 Charge-discharge curves of (a) LiFePO4/TiO2 and (b) LiVPO4F/TiO2 




The full-cell performance of TiO2 is further demonstrated using phosphate 
cathode as counter electrode instead of metallic lithium. Carbon coated LiFePO4 
developed in Chapter 4 and LiVPO4F developed in Chapter 6 were selected for their 
superb electrochemical performances. Due to the irreversible lithiation of TiO2 in the 
first cycle, excessive amount of cathode material was used to provide enough lithium 




LiVPO4F/TiO2 full-cells charge/discharged at 30 mA g
-1
. The LiFePO4/TiO2 full-cell 
shows an operation voltage of ~1.5 V, while the LiVPO4F/TiO2 full-cell shows a higher 
operation voltage of ~2.3 V because of the higher potential of LiVPO4F (4.2 V vs. 
Li
+
/Li) than that of LiFePO4 (3.4 V vs. Li
+
/Li). The cycleability and reversibility of the 
LiFePO4/TiO2 and LiVPO4F/TiO2 full-cells may not be as good as those of half-cells 
due to the technical difficulties in the laboratory full-cell assembly (geometry area 
mismatch and electrode thickness non-uniformity). 
7.4 Summary 
Anatase TiO2 has been synthesized via mechanochemical reaction which is a rapid 
and facile process. Effects of annealing temperature and atmosphere on crystal structure, 
crystallite size, electronic conductivity and electrochemical properties are thoroughly 
investigated. Annealing of mechanochemically milled precursor in non-oxidizing 
atmosphere creates oxygen deficiency and hence elevates electronic conductivity, 
benefitting Li
+
 insertion/extraction in anatase. Reduction in particle size of TiO2 can 
significantly improve rate capability. TiO2 annealed at 400 °C in argon has the smallest 
crystallite size of only ~11 nm and the best electrochemical performance in this work. It 
can host almost 1 Li
+
 per formula in its first discharge, delivering a reversible capacity of 
about 230 mAh g
-1
. It also exhibits excellent long-term cycleability for over 700 cycles. 
The LiFePO4/TiO2 and LiVPO4F/TiO2 full-cells have been demonstrated with 




8 Conclusions and Recommendations 
8.1 Conclusions 
1 Electronic and ionic conductivity, particle size and micromorphology are essential 
to the high rate performances of phosphate cathode materials. Generally, facile 
electronic/ionic transport and small particle size will lead to high rate 
performances. Electronic conductivity of phosphate cathode materials can be 
improved either by trace supervalent cation doping or conductive carbon coating. 
2 The RuO2 trace doping dramatically raised the electronic conductivity by up to 6 
orders over the pristine LiFePO4. Electronically conductive Li1-4xRuxFePO4 (x= 
0.005, 0.01 and 0.02) exhibited amazingly high power performance and fast charge 
capability. Li1-4xRuxFePO4 also exhibited excellent long-term cyclic performance 
for over 1000 cycles at high current density of 20C. The maximum solubility of 
Ru dopant in olivine LiFePO4 lattice is probably limited to 2 mol%. However, 
RuO2 trace doping showed very limited effects on LiMnPO4 and LiCoPO4, both 
of the same olivine structure with LiFePO4. 
3 Effective carbon coating can significantly improve the electrochemical properties 
of olivine cathode materials. LiFe1-xMnxPO4/C core-shell composites were 
successfully developed via a facile one-step liquid polymer-assisted mechanical 
activation. The polymer-assisted mechanical activation evidently reduced the 




PPG, the as synthesized LiMn0.75Fe0.25PO4/C nanoparticles were approximately 
60 nm in diameter with a thin carbon coating of 1-2 nm. The existence of 




 reaction in 
olivine lattice. LiFe1-xMnxPO4/C synthesized with assistance of PPG had uniform 
particle size and carbon coating, and thus impressive electrochemical properties. 
Energy density of PPG-LiFe1-xMnxPO4 was 12% higher than that of LiFePO4 at 





 reaction, inferior fast charge capability and relatively poor cyclic 
performances. An optimum Mn content x for PPG-LiFe1-xMnxPO4 should be 0.5 
with comprehensive considerations. 
4 Tavorite lattice has a relatively faster Li+ ionic conductor when compared to 
olivine lattice. Unlike olivine LiMPO4, Tavorite LiVPO4F is a relatively fast ionic 




. Diffusion coefficient of 






, 2 orders higher than that 





, which should be the main limiting factor for high rate 
performance. Carbon coated LiVPO4F/C of ~150 nm in diameter exhibited 
amazingly high power performance, fast charge capability and very good stability 
in long-term cycling. LiVPO4F/C has a higher overall potential and a higher 
gravimetric power density than olivine LiFePO4 and LiFe1-xMnxPO4. It can be a 




5 A novel and facile template free sol-gel method in fabrication of nano-sized 
phosphate materials has been demonstrated. Phosphonate chelating agents, which 
also served as in-situ phosphorous and carbon sources, were used instead of 
traditional Lewis group chelating agents and inorganic phosphorous sources. This 
synthesis approach can be easily adopted for many phosphates materials with 
benefits of very fine crystallites <30 nm, uniform carbon coating and hollow sphere 
secondary architectures. 
6 Nanocrystalline anatase TiO2 can be synthesized via a rapid and facile 
mechanochemical reaction. Annealing of mechanochemically milled precursor in 
non-oxidizing atmosphere creates oxygen deficiency and hence elevates electronic 
conductivity, benefitting Li
+
 insertion/extraction in anatase. Reduction in particle 
size of TiO2 can significantly improve rate capability. TiO2 annealed at 400 °C in 
argon has the smallest crystallite size of only ~11 nm. It can host almost 1 Li
+
 per 
formula in its first discharge, delivering a reversible capacity of about 230 mAh g
-1
. 
It also exhibits excellent long-term cycleability for over 700 cycles. 
8.2 Limitations and recommendations 
1 The M1 site occupancy of Li and Ru in Li1-4xRuxFePO4 cannot be determined in 
this work due to the limitations of laboratory X-ray diffraction to light lithium 
atoms. Neutron diffraction is recommended to finally determine the M1 site 




may also be recommended to directly observe the defect cluster and Li-Fe anti 
defect after RuO2 trace doping. 
2 The band structure after 4d transitional metal doping on olivine LiMPO4 can be 
investigated through ab-initio simulation. Other supervalent cathions with free 






(4d6) may be doped 
in the lattice of LiFePO4 and even LiMnPO4 for further investigations. 
3 The occupancy and exact position of Li in LiVPO4F need to be identified through 
high quality powder diffraction results of neutron diffraction and/or Synchrony 
diffraction. The abnormal and rare non-Arrhenius behaviour of electrical 
conductivity is recommended for further study. The author suspects that there 
may be a phase transition related to the rearrangement of Li
+
 over the temperature 
range of 25-80 ºC. 
4 Effects of molecular weight of the liquid form polymer on the carbon coating and 
electrochemical properties of PPG-LiFe1-xMnxPO4/C are recommended for further 
research. 
5 Although mechanochemical milling can produce large amount of TiO2 compared 
to other techniques, the rate performance of the TiO2 in this work still fall short on 
high rate performance. Carbon coating along with polymer-assisted mechanical 
activation developed in Chapter 4 may be a very promising approach to overcome 
this problem. 




already demonstrated good rate capabilities, the author believe the performances 
should be even better considering the uniformly fine particle size through further 
refinement of processing. Nanostructured LiMnPO4, LiFe1-xMnxPO4 and LiCoPO4 
can also be easily synthesized via this method. Moreover, many other 
phosphonate compounds can be adopted in the synthesis routes to tailor the 
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